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When  this  project,  on  the  effect  of  amino  acids  on  the  healiiag  of  experi- 
mental wounds,  was  first  undertaken,  the  reports  published  on  the  subject  of  the 
healing  of  TOunds  were  found  to  be  exceptionally  extensive.  However,  there  were 
very  few  papers  which  approached  the  subject  frora  the  experimental  point  of  view, 
most  of  them  dealing  with  clinical  material.  Since  mary  factors  may  affect  the 
healing  of  wounds,  only  the  results  of  work  in  vhich  every  factor  is  closely  con- 
trxalled,  or  at  least  equated  by  the  use  of  rigorously  matched  groups  of  experi- 
mental animals,  could  be  considered  valid.  A further  difficulty  inherent  in  this 
problem  was  the  fact  that  the  methods  for  measuring  the  rate  of  healing  of  wounds 
were  not  overly  reliable  and  hence  required  that  very  large  number's  of  animals  be 
used  in  order  to  obtain  statistically  valid  results. 

Of  the  work  published  on  the  healing  of  wounds,  three  nain  facts  stood 
out  and  could  be  considered  reliable  in  that  they  had  been  verified  by  many  workers 
in  the  field*  First,  a negative  nitrogen  balance  becomes  evident  after  tramaj 
second,  feeding  a high  protein  diet  results  in  an  increased  rate  of  healing}  third, 
increased  aimsunts  of  the  amino  acid,  methionine  in  the  diet  results  in  an  increased 
rate  of  healing*  It  should  be  noted  that  contributions  to  the  metabolic  picture 
during  the  healing  of  v/ounds  were  quite  scanty.  Before  a real  understanding  of 
the  processes  involved  in  the  healing  of  wounds  could  be  developed,  further  know- 
ledge of  the  metabolic  reactions  appearing  after  trauona  would  be  required* 

With  this  background,  the  woric  in  my  laboratory  vras  undertaken.  Tho  first 
problem  was  to  test  the  technique  for  measuring  the  rate  of  healing.  It  was 
found  that  modifications  of  ny  previously  published  method  (Science i 19U7*  10$, 

396)  would  give  resifLts  which  were  stetisticeilly  valid  when  groups  of  at  least 
ei^t  animals  were  employed.  Using  this  technique,  ^irtiich  involved  the  detennina- 
tion  of  tensile  strength  of  wound  tissue,  the  affect  of  a number  of  andno  acids  on 
the  rate  of  healing  was  determined,  under  a number  of  different  conditions.  It 
was  found  that  only  methionine  and  cystine  caused  an  increased  rate  of  healing  of 
the  experimental  wounds,  idiile  ethionine  inhibited  tho  rate  of  healing.  The  other 
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andno  aolds  tested  had  no  effect* 

From  these  experiments  it  was  concluded  that  the  availability  of  the  s\iliur 
amino  acids  limited  the  healing  process.  Further  experiments  showed  that  a high 
protein  diet  increased  the  rate  of  healing,  not  because  more  protein  or  nitrogen 
was  available,  but  because  a high  pit) tein  diet  provided  a greater  supply  of  the 
sulfur  amino  acids.  During  the  course  of  these  experiments,  it  was  noted  that 
there  was  a retention  of  sulfur,  even  though  a negative  nitrogen  balance  existed. 

It  was  then  conoluded  that  the  tissue  proteins  wore  broken  down  in  order  to  make 
more  sulfur  amino  acid  molecules  available  for  the  healing  processes.  The  other, 
unneeded  amino  acids  are  excreted,  resulting  in  the  negative  nitrogen  balance. 

The  source  of  the  conserved  sulfur  amino  acids  and  the  ourpuso  for  which 
tliey  arc  ccii"eived  was  studied  using  radioaotive~sulfur  labeled  amino  acids.  It 
was  found  that  methionine  from  the  liver  proteins  was  one  of  the  principal  tissue 
source  of  the  sulfur  amino  acids  for  the  wound  proteins.  To  some  extent,  the 
muscle  proteins  contributed  to  this  requirement  for  the  sulfur  amino  acids.  It 
was  also  noted  that  a lai'ge  part  of  the  liver  methionine  was  transformed  into  cy- 
stine for  deposition  in  the  regenerating  wound  protein.  These  experiments  also 
produced  evidence  to  show  that  the  rate  of  netabollsm  of  methionine  and  <^stine 
was  increased  after  wounding. 

Of  particular  importance  were  the  results  which  indicated  that  the  tensile 
strength  of  the  vround  was  closely  correlated  with  the  deposition  of  cystine  in  the 
regenerating  wound  proteins.  The  collagluous  fibers  in  regenerated  wound  tissue 
give  it  a relatively  high  tensile  strength.  This  type  of  protein  contains  appre- 
ciable amounts  of  the  sulfur  amino  acids.  Thus  from  the  empirical  and  the  theo- 
retical view  point,  this  correlation  is  sound.  A new  technique  for  determining 
the  rate  of  healing  of  wounds  is  now  being  developed,  based  on  the  deposition  of 
cystiiie  in  regenerating  wound  tissue* 

The  effect  of  various  hormones  on  the  healing  of  wounds  was  also  studied. 

It  was  cbseived  tMt  estradiol,  testosterone  and  pituitary  thyrotropic  hormone 
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Inhiblted  the  rate  of  healing.  At  high  levels  of  administration,  growth  hormone 
also  Inhibited  healing.  However,  at  lower  levels,  there  appeared  to  be  an  increased 
rate  of  healing.  This  aspect  of  the  problem  on  the  healing  of  wound  is  only  pre- 
liminary. It  is  planned  to  pursvie  this  vrork  further. 

Almost  all  of  the  important  data  suppojrbing  the  above  conclusions  have  been 
published  or  have  been  accepted  for  publication  and  vrill  appear  in  print  shortly. 
These  publications  are  appended  to  this  report.  Included  in  the  appendi*  are  the 
following  papers  1- 

"Metabolism  of  protein  nitrogen  during  the  healing  of  experimental  wounds”*  Fed. 
Proc..  lOt  270  (1950) 

'’Relation  of  protein  nutrition  to  the  healing  of  experimental  wounds”*  Proc. 

Soc.  Exp.  Biol.  Med.,  77,  302  (l?'5l) 

"Effect  of  cystine  and  methionine  on  the  healing  of  experimental  wounds”*  Proc. 

Soc.  Exp.  Biol.  Med.,  623  (1952) 

"Inhibition  of  urea  formation  by  pentobarbital”:  Arch.  Biochero.  Biophys.,  32, 

226  (1951) 

"Distrib\ition  of  methionine-S^^  during  the  healing  of  experimental  wounds”:  Fed. 
Proc.,  12,  291  (1953) 

''Utilisation  of  sulfur  andno  acids  during  the  healing  of  experimental  wounds": 

Proc.  Soc.  Exp.  Biol.  Med.,  83,  329  (1953) 

•Influence  of  experimental  wounds  on  the  metabolism  of  sulfur":  Fed,  Proc., 

23,  322  (1951:) 

"Influence  of  growth  hormone  on  the  healing  of  experimental  wounds"*  Fed.  Proc. 

13*  325  (1951:) 

"Incorporation  of  sulfur  andno  acids  into  the  proteins  of  regenerating  wo\ind 
tissue"*  J.  Biol.  Ghem. t in  press. 

‘^cjwtion  of  sulfur  during  the  healing  of  experimental  wounds"*  Proc.  Soc.  Exp. 


Biol.  Med.:  in  press 


The  chief  investigator  of  this  project  is  very  much  indebted  to  his  assis- 
tants, T.  H*  McCarthy,  H»  J«  Frorarii,  E*  Bremanis  and  G.  J.  Neumann,  ytio  worked  so 
arduously  to  help  obtain  the  results  v/hich  have  been  described.  Without  their 
devoted  efforts  this  project  could  not  have  progressed  as  far  as  it  has* 
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OopTiight,  1951,  by  tb?  Society  for  Hzpcnmsntal  Biology  and  MefUcine. 
Reprinted  from  PEOCrET’^'is  or  ina  St>cirrT  ron  Exptwmbktal  Bsouwy  and  Mkdusnk, 

1951,  v77.  3'>2  3"r, 


Relation  of  Protein  Nutrition  to  the  Healing  of  Experimental  Wounds.* 

(18759) 

MAsnN  B,  VViLUAMSON,  Thomas  H.  McrARTiiv,  and  Hctbkrt  J.  Fromm. 

Fmm  Ik*  D*p*rtm**yl  oj  eiockcmhlry,  Graduate  School  and  Stritek  Sekoot  of  UtdUittf. 
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A numiier  of  reports  have  indicated  that 
the  level  of  protein  intake  has  a marker!  effect 
on  the  rate  of  healing  of  wounds(l-8).  There 
is,  however,  little  work  relatitui  protein  me- 
tabolism or  the  cffe:t  of  anibo  acids  to  the 
healing  nf  wnunds)4'0,9.10).  It  has  been 
shown  that  methionine  will  increase  the  rate 
of  healing  of  experimental  wounds(4),  vrticre- 

* This  work  WR.s  done  under  contrmet  with  the 
U.  S.  Navy,  Office  of  Nava)  Research. 

1.  Cbarae}',  J.,  WinUm^on,  M.  R.,  and  Bernhard, 
F.  W.,  Sdemee,  19*7,  vlOS,  3»6. 

2.  Harvey,  S.  C.,  and  Howes,  E.  I,,  Ann.  Surf., 
lQ3f>,  vVl,  541. 

3.  Varco,  R.  L.,  S«ef.  Gym.  Obrtat.,  1947,  v84,  All 

4.  Localio,  S.  A.,  Morgan,  M.  E.,  mad  Hinton,  J.  W., 
Surg.  Gym..  Ob)i!l..  194*.  vSh.  S*2. 

5.  CoTut,  Wr!'/ht.  .A.  M.,  Mulholland,  I.,  Barcbam, 

I. ,  and  Breed,  E.  S.,  Ann.  Svr[.,  1944.  vlic.  815 

0.  Thompson,  W.  Tl.,  Ravdio,  1.  S , and  Frank 
I 1...  Arek.  Surg.,  193*,  v35,  300 

7.  Munro,  H.  N,  and  Chalmers.  M.  1.,  Ifnt  J. 
Exp  Pat* , 1945,  v2ft,  .196. 

8.  Croft,  P.  B.,  and  Peters.  R.  A..  .Yatura,  1945, 
vl5S,  17S. 

9.  Madden.  S.  C.,  aitd  Cl.iy.  VV.  A,  ./.  Kxp.  Med, 
1P4S,  v82,  6S. 

10.  Morris,  H.  B , Dubnick,  C.  S.,  anrf  Dunn,  T.  B , 

J.  Nat.  Cancer  ln.U.,  1945,  v5,  271. 


:i.<  tr>’ptopbane,  val<ne  iind  lysine  have  no 
signifi^t  effect  on  the  rate  of  healing(lO). 
Since  greater  nitrogen  retention  uill^  occur 
when  extra  methionine  is  fcd(l  1 .1 2) , it  seems 
probable  that  the  metbioniiie,  rather  than 
other  essential  amino  acids,  is  the  limiting 
factor  in  the  healing  process.  In  fact,  injured 
dogs  will  retain  methionine  .sulfur  and  iiKor- 
porate  it  into  protein,  even  when  a negative 
nitrogen  balance  exjsts(13).  Beyond  the  fact 
that  a negative  nitrogen  balan«'.e  appears 
shortly  after  wounding(14,15),  little  seems  to 
be  known  about  protein  metisbolisr  i rfuring  the 
healing  of  wound*. 

Further  study  may  help  elucidate  the  role 
of  protein  metAbolism  in  the  healing  proces*. 
The  present  paper  attempts  to  relate  nitrogen 
and  sulfur  metabolism  tc  the  rate  of  healing 
of  experimental  wound-s. 

11.  Miller,  I..  J.  Biol.  Ckrm.,  1944,  vl52,  OCS. 

12.  Brush,  M , Willman,  W.,  and  Swanson,  P.  P.. 
J.  Nutr.,  1947,  v.1.’.  389;  Allivjn,  J.  B.,  .AmKrMin, 
J.  A.,  and  Seeley,  R.  D , J.  Suit.,  1947.  v5.t,  3ol. 

13.  Madden.  S,  Plasma  Proteins,  19S0,  C.  C. 
Thomas  SprinRiield,  p62.' 

14  Werner,  S.  C.,  .4»ii«.  .Surg.,  1947,  vl?S,  169. 

15.  Kuop,  C.  £..  Drew,  J H.,  Ricgcl,  C.,  and 
Rhoad*,  J £.,  .Inn.  Sttrg.,  1946,  vlZ4,  116S. 
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Experimental.  In  thise  experiments,  four 
(Toups  of  24  female  albino  rats  were  used. 
The  initial  average  weight  of  the  animals  in 
each  grouD  ranged  from  170  to  I.S6  g.  The 
animals  in  Group  I were  fed  the  following 
ba>ul  diet;  sucrose^  63  g;  casein.  20  g;  lard, 
10  g,  corn  oil.  2 g;  salt  mixture. 'f  5 g;  thia- 
mine HC'I,  1 rag;  riboflavin,  1 mg;  pyridoxine 
HCI,  1 ntg;  calcium  pantothenate,  4 mg:  nico- 
tinic acid  amide,  15  nig:  ino.sitol,  5 mg: 
2-mcthyl  naphthoquinone,  0.5  mg;  cholini 
chloride,  25  nip:  vitamin  ISOO  lU:  vita- 
min D.‘  210  U‘.  The  other  groups  of  animals 
were  fed  diets,  modified  from  the  basal,  as 
indicated  in  Table  I.  All  the  diets  were  Lso- 
caloric  and  contained  the  same  amount  of  tita- 
ntin  supplement  as  in  the  basal  tiiet.  Each 
animal  was  presented  with  15  g of  diet  per 
day.  The  rc.sidual  uneaten  food  was  weighed 
to  determine  the  d.-iily  food  consumption.  .Ml 
animals  were  given  distilled  water,  ail  IthUum. 
The  animals  were  first  accustomed  to  the 
synthetic  dict.s  for  4 days  Then  they  were 
wounded  under  nembutal  and  ether  juiesthe.sia. 
.After  clipping  the  hair  over  the  area  of  the 
.shoulder  blades,  a skin  inci>-’ion,  2 cm  in 
length,  was  made  whh  a shaqt  scalpel  in  the 
mid-dorsal  region.  The  edges  of  the  wound 
were  opposed  and  held  in  place  with  Michel 
wound-clips  (11  mm),  which  were  left  in 
place  during  the  experiment.  At  approxi- 
mately weekly  intervails,  8 rats  from  each 
group  were  killed  and  the  tensile  strength  of 
a O.S  cm  section  of  the  healing  wound  wa.s 
determined.  The  method  of  measuring  the 

T Hubbel,  R.  B..  Mtnrlcl,  L.  B . «nd  W«ken>:in. 

I J..  /.  Aslr  , 1937,  vI4,  3.t7. 

; From  01«um  pfreomorphum 


teij.sile  strength  of  such  wounds  has  Iteen 
prcviou.sly  describedt  1 ). 

The  rats  were  weighed  and  24-liour  urine 
■<.im|)les  were  colleited  legiilarly  diirinv  lh( 
course  ot  the  esperiment.  The  urine  .sarn]>le.s 
were  stored  under  folui  iie  at  5'^('  until  the 
analyses  were  niaile.  The  urine  wa'  analyzed 
for  iolal  nitrogen  (micrukjeldahl),  urea  nitro- 
gen{16).  amino  acid  iiitn)gcn(17),  and  total 
•sulfur(  18). 

Results  end  discussion.  Previous  paper.“ 
Jtave  indicatcfi  that  a negative  nitrogen  bal- 
ance apjvears  directlj'  after  animals  have  been 
subjected  to  trauma(9,13-lS).  A sharp  de- 
crease in  the  amount  of  nitrogen  retained, 
shortly  after  the  animals  were  wounded,  was 
observed  in  these  ez])eriments.  although  nut 
all  the  animals  went  into  negative  nitrogen 
balance.  The  sulfur  balance  remained  prtsi- 
tivc  and  essentially  Constant  throughout  the 
e.xperimeiit,  regardless  of  the  changes  in  the 
nitnrgen  balance.  By  the  tenth  day  after 
wounding,  the  daily  nitrogen  retention  had 
• returned  Ut  appro.xiinately  the  level  observeti 
before  the  wound  was  made.  This  is  illus- 
trated in  Table  II. 

A marked  decrease  in  urinary'  urea  output 
(from  109  mg  per  day  to  81  mg  par  day) 
with  a concomitant  increase  in  the  amino  acid 
nitrogen  output  (from  6.1  mg  per  day  to  26.6 
mg  per  dayi  was  observed  .shortly  after  the 

TABLE  It.  Sitri/gen  «ui1  Sulfur  jFtiu-i^ou 
P<'li>rc  .iial  \fUT  Wounding  ' 
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Ift.  \ !in  Siykf,  I>.  U.  .iml  Cullen,  R.  E.,  J Bin! 
Chrm,  IClo.  v24,  117. 

IT  .Nurthiup.  J H.,  J.  Cm.  Physi.l.,  1926.  v9,  767, 
18.  Ft-kv.  C.  J . J.  Biel,  t’irm , 1921,  v47,  50 
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wounds  were  nmde.!  The  urea  nitrogen  and 
amino  acid  nitrogen  returned  to  approxi- 
inatfly  Ihr-  nonnal,  prewouuding  levels  within 
5 (la>?  This  fiTrct  va«  found  to  U'  due  to 
the  ane'thetir  used  and  not  to  the  wniind. 

In  Pig.  1 i*;  shown  the  rate  of  liealing  of  the 
es|KMimental  wounds  in  terios  of  ieasile 
slreiigth  and  time.  Thi<  can  be  expressed  as, 
T ...  K t.  where  V i.<  the  ten.<-ile  strength  in 
grams  per  ■ .s  t in  .section  of  healing  (tpithelium, 
t.  the  tiiTH  in  days  after  wounding,  and  K, 
the  resulting  slope.  The  slope,  K.  cwi  be 
considered  to  be  a measure  of  the  rate  of 
healing  of  tin  wounds.  It  will  be  seen  that  the' 
rate  of  healini'  ot  thr  wotinds  in  the  animais 
fetl  the  6 percent  ca.sotn  iliet  (tiroiip  II; 
K ■ lO.s  / IS  markedly  les.s  than  that  of  the 
nndnals  on  the  ca.sein  diet  f Group  I; 

K.  -=  16r.  j This  is  in  agreement  with  pire- 
vious  worl-  w.'ii'h  ha.s  indicated  that  wound.s 
in  animal.s  on  a high  protein  diet  heal  more 
rapidly  than  those  in  animals  on  a low  i>roteir 
dienl-4,.  Prom  ihis.  it  would  be  expected 
that  the  rate  of  heali'-ig  of  the  wounds  in 
.Ti-iinals  in  tiroiip  111  should  lie  the  same  as 
those  in  Group  I.  since  the  protein  nitrogen 
intake  in  both  groups  was  the  same.  Instead, 
the  slo)x-  I K i 12.6)  indk  ates  that  the  rate 
of  healing  is  very  much  less  than  thjit  found 
in  Group  I.  This  difference  in  healing  rate 
is  obviously  rlue  to  the  very  low  biological 
value  of  the  gelatin,  supplemented  to  the  diet 
of  the  animals  in  firoufr  III  to  make  it  con- 

5 rijt.-.  'enrr.'.ei''.  averaxe  uriirara  output  ol  all 
ammalr  in  il experiments 


tain  the-  same  amount  of  protein  nitrogen  as 
is  found  in  the  diet  of  Group  I. 

Although  the  proteins  ingested,  and  the 
protein  nitrogen  intake  Ls  essentially  the  same 
in  the  animals  comprising  Groups  III  and 
l\‘.  the  rate  of  healing  of  Group  IV  (K  -- 
18. ft  ) is  very  much  greater  than  that  for  the 
animals  in  Group  III.  This  difference  must 
lie  attrilmted  to  the  methionine  added  to  the 
diet  of  the  rats  in  Group  IV'.  It  ein  then 
Ire  coiiclutlerl  that  the  methionine  increasss  the 
efficiency  of  utilization  of  dietary  protein  or 
tissue  protein,  or  both.  .Since  the  methkHiinc 
fed  is  probably  available  to  the  tissues  for 
protein  synthesis  as  cysteine  and  cystine,  «s 
well  as  melhioninef  19,20),  all  the  sources 
of  dietary  sulfur  might  be  considered  together 
a.s  ‘‘probin  .sulfur.” 

I'bere  .ippears  to  he  no  correlation  between 
the  protein  nitrogen  intake,  or  retention,  and 
the  tensile  strength  oi  rale  of  healing,  when 
ail  4 gsoup.s  fif  animals  are  convidered.  The 
data  tr.  Table  ill,  however,  indicate  a cor- 
relation Lretween  the  amount  of  “protein 
suitor’  retained  during  the  course  of  the 
exiH.*rinient  and  the  rale  of  healing  of  the 
wouiid.s.  It  scents  evident  from  these  fesuhs 
that  pre  vious  reporlsf  1-*)  on  the  effect  of  the 
level  of  protein  in  the  diet  on  the  rate  of 
htctling  were  indicative  of  the  effect  of 
level  of  "protein  .sulfur  ’ intake  (and  in- 
ilirettly.  the  sulfur  retention),  rather  than  the 
effect  of  the  profeiix  itself.  This  is  apparent 
from  tfie  fact  that  previous  reports  dealt  with 
the  eifect  of  iliels  containing  levels  of  the  saine 
protein;  in  which  case,  the  sulfur  content  of 
the  diets  varied  directly  with  the  amount  of 
protein  in  the  diet. 

rhe  data  in  Table?  If  and  III  tend  to  indi- 
cate a larger  proportion  of  .sulfur  to  nitrugetr 
is  required  during  healing  than  for  normal 
tissue  .synthesis.  -ThLs  is  sup(X)rte<l  by  the 
following;  (a)  after  wounding,  a [w.itive  3ul». 
fur  balance  is  observed  even  when  there  is 
a negative  nitrogen  balance.  This  may  me&n 
that  there  i.s  a sacrifice  of  tissue  protein  nitro- 
gen so  that  tlic  ratio  of  sulf  jr  to  nitrogen 

10  Binkify,  2.  BhI.  CHtm.,  liM4.  vl.'S.  .'.o 

.0  UuVicneaud,  V.  J.,  KUiult,  G.  W..  Rarhele, 
f K.  and  Cohn,  M..  2.  BM.  Chem,  IO44,  vlSS, 
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TABLE  III.  Comparluoa  o?  Avg  DniN  l>it«he  Ri'fentjon  of  l>ietar_v  Nitn'gon  and  Snlfar 

Slid  Bjif«  of  Healing.* 


Group 

* 

, Ni' 

Avg  dtiily 
istalio,  mg 

' rngen , 

-Avg  ilKily 
b.'iWnce,  nig 

Avg  daily 
intake,  mg 

-8ul^^r  ~v 

Avg  daily 
buJanra,  mg 

Hate  of 
liealLig 
index t 

I 

78 

13.U 

118 

16.6 

11 

7a 

10 

.3,0 

10  .S 

lit 

269 

47 

8.2 

6.4 

12..; 

IV 

2.S1 

.%<t 

23.1 

M 

1.H.8 

• Those  v»la«w  indicwto  duily  avg  for  21  days  aftor  woniiiliiig, 
t See  Fig.  1. 


available  is  increased;  (b)  increasing  the 
ratio  of  sulfur  to  nitrogen  by  dietary  means 
(by  the  use  of  methionine)  increases  the  rate 
of  healing;  (c)  healing  wound  tissoe  con- 
taias  larger  amounts  of  sulfur  than  the  same 
tissue  wlien  it  has  not  been  wounded  (2 1,22). 

Thus  it  seems  probable  that  the  rate  of 
healing  may  be  related  to,  among  other  fac- 
tors, the  amount  cf  “protein  sulfur’’  retained 
in  excess  over  that  utilised  to  form  normal 
tissue  protein  with  the  retained  nitrogen. 
Since  the  ratio  of  nitrogen  to  sulfur  in  most 
tissues  is  about  16;  1,  then  the  healing  should 
be  influenced  by  the  amount  of  retained 
•‘protein  sulfur,”  less  1/16  the  quantity  of 
^ retained  ni'rogen.  This  might  be  calletl  the 
"excess  sulfur”  which  is  available  for  the 

Jl,  Layton.  1..  L.,  **x(K..  Go  . fcxr  Biol,  aku  .Med., 
19.50.  v7.t,  570. 

22.  Sviven.  B . Acta  Ckir,  Sconct.,  1941.  voc.  I. 


greater  demands  of  the  healing  wound  tissue. 
The  “excess  sulfur”  is  l.>6,  44,  75  and  214  mg 
for  the  animals  in  Groups  I to  IV,  respec- 
tively. Thus,  there  appears  to  be  some  cor- 
relation between  the  rate  of  healing  and  the 
"excess  .sulfur”  available  for  the  wound. 

Summary.  Wounded  rats  were  kept  on 
diets  containing  varying  amount.s  of  different 
proteins  and  "protein  sulfur".  There  appears 
io  be  no  relation  between  the  amount  of  pro- 
tein nitrogen  fed  or  retained  by  the  rats  and 
(he  r.Tte  of  healing.  However,  the  “protein 
sulfur"  retention  apjiears  to  be  correlated 
with  the  rate  of  he.iliiig.  It  is  suggested  that 
the  amount  of  retained  sulfur  in  exccs.<  over 
that  utilized  for  normal  tissue  protein  .syn- 
lhe.sis  is  .an  important  factor  in  determining 
the  rate  of  healing  of  experimental  wounds. 

Rrteived  April  24,  1951  P.S  E B.,M  , 1951,  v77. 
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METABOLISM  OF  PROTEIN  NITROGEN  DURING 
THE  HEALING  OF  EXPERIMENTAL  WOUNDS 

M.  B.  Williamson,  T.  McCarthy  and  H,  Freinm 

It  has  been  shown  that  wounds  heal  more  rapidly  when 
a high  protein  diet  is  supplied  than  when  a low  protein  diet 
is  given.  When  isocalorlc  diets  containing  0,l\.9%  and  1.9i^.^ 
protein  nitrogen  (as  casein)  were  fed  to  groups  of  2I4.  rats, 
the  rate  of  healing  of  experimental  wounds,  as  measured  by 
increase  in  tensile  strength( Science,  396,  19)4-7 )»  is 

greater  in  the  animals  fed  the  1.9);^  protein  N diet  than  in 
those  on  the  0,49^  protein  N diet,  Hov;ever,  the  increase  in 
tnesile  strength  per  total  nitrogen  available  for  healing  was 
much  greater  on  the  low  protein  diet,  even  when  there  was  a 
negative  nitrogen  balance,  than  on  t^'e  high  protein  diet.  This 
seems  to  indicate  that  more  of  the  plasma  and  tissue  protein 
nitrogen  is  being  utilized  for  protein  synthesis  in  the  wound 
area  on  the  low  N diet  than  on  the  high  N diet.  Supplementing 
the  low  protein  diet  with  gelatine  so  that  the  nitrogen  content 
of  the  diet  was  the  same  as  that  of  the  high  protein  diet  had 
little  effect  on  the  rate  of  healing  of  the  wounds,  but 
markedly  increased  the  excretion  of  nitrogen.  Supplementing 
tbo  low  pi'oto^n  N diet  with  gelatin  and  methionine  so  that  it 
contained  as  much  nitrogen  and  methionine  as  the  high  protein 
diet  increased  the  rate  Of  healing,  and  decreased  the  nitrogen 


-2- 

oxcretion  to  approximately  the  level  found  in  the  rats  fed  the 
high  protein  N diet.  The  rats  on  the  low  protein  N diet  re- 
tained a higher  percentage  of  tho  dietary  sulfur  than  did  the 
animals  on  any  of  the  other  diets. 
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Distribution  of  Mehtlonine-S'^^  Durlnfr 
the  Healing  of  Experimental  Wounds 

M,  B,  Williamson  and  H,  J.  Fromm 

The  rate  of  healing  of  experimental  wound  has  been  show’, 
to  increase  upon  the  addition  of  either  cystine  or  methionine  tc 
the  diet.  The  effect  of  these  sulfur  amino  acids  on  the  re- 
generation of  wound  tissue  was  studied  by  investigating  the 

•3  c: 

distribution  of  methionine-S  between  the  methionine  and 

cystine  sulfur  of  wound  tissue,  normal  skin,  liver  and  muscle. 

Rats  fed  either  a zero  protein  diet,  or  a zero  protein  diet 

supplemented  with  methionine  (35  Cal/day),  were  injected  with 

methlonlne-S"^'  in  tracer  amounts  within  I4.8  hours  after  a 

standard  wound  was  made.  At  3 day  intearvals,  part  of  each 

group  of  rats  was  sacrficed  and  tissue  samples  obtained.  The 

total  sulfur,  nitrogen,  cystine  and  methionine,  as  well  as  the 

distribution  of  were  determined.  Within  5 days,  the 

regenerating  wound  tis-sue  was  found  to  contain  twice  as  much 
•3  g 

as  the  normal  unwounded  skin  tissue.  The  amount  of  total 
■3  c 

in  the  regenerating  tissue  continued  to  increase  with  time. 

There  appeared  to  be  a direct  correlation  between  the  rate  of 

increase  of  S-’^  in  the  wound  and  the  rate  of  healing.  The 
3 5 

total  S remained  constant  in  the  unwounded  skin  tissue, 

while  that  in  the  liver  decreased  with  time.  Although  the 
35 

total  S in  the  muscle  decreased  with  time  on  a zero  protein 
diet,  it  remained  constant  when  methionine  was  fed.  In  the 


O C 

wolind  tissue,  most  of  the  activity  was  foimnd  associated  with 

with  the  cystine.  The  ratio  of  cystine  to  methionine  sulfur  was 
higher  In  the  wound  tissue  than  In  the  normal  unwounded  tissue, 
incldatlng  that  a different  type  of  protein  was  being  produced 
during  regeneration. 


Oopyriffiit.  1353,  br  thr  Society  for  KKponmeouil  Biology  juid  Sfediciiie. 
RoprioUd  iSom  Pe<k-i:ei>ing1  or  thk  stwTrrv  Pod  EsrijnMUNTAi,  Biouxiv  ano  Mei>iciN7., 
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Utilization  of  Sulfur  .vmino  Acids  During  Healing  of  Experimental 

Wounds*  (20350) 

^^ASTI^'  B.  WlI.I.IAMSON  ANP  Hkrbeut  J.  Frdmm. 

Frtm  ihf  Drpartmrnt  of  Biocktmi'lry.  Sckool  of  Mrdidnf  and  Cndtmli  Sekeol, 

I.oyolij  I’nix'irii'Y,  Chirofr' 

The  regeiicration  of  tissue  .iurinR  the  heal-  lent  amounts  of  either  cystine  or  methionine 
inf!  of  wounds  has  been  shown  to  be  markr-Hly  were  adnjinistered(  I ).  Since  the  conversion 
accelerated  I'jy  the  addition  of  methionine  to  of  methionine  to  cystine  is  irreversible  in  viva 
the  diet(I-/).  Moie  recently,  the  rate  of  (O.IO).  thi>  work  may  be  taken  to  indicate 

healing  oi  experimeiilal  wriunds  was  shown  to  that  cystine  is  the  limiting  amino  acid  in  the 

?)e  increased  to  the  same  extent  when  equiva-  healinc  process.  The  possibility  still  existed 

— ..  that  the  sulfur  amino  acids  may  not  be  re- 

♦ Thii  work  »a»  done  under  contract  with  the  quired  P‘r  if . l»ut  rather  might  serve  as  a 

t.'  S \»v>.  Office  of  Nav*)  Rcwacch.  .source  of  >u?fur  for  other  compounds  required 
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ikiiiiiu  healing.  a>  well  a>  their  more  n>ual 
function  .n  protein  synthesis. 

It  has  iieen  sho'vn  also  that  there  is  a small 
but  definite  retention  of  sulfur  during  heal- 
ing. even  when  a negative  nitroeen  balance  is 
in  evidencef  1,2,8).  Furthc.-’.  the  retention  m' 
.sulfur  l-iecomes  more  signiiicant  as  the  rate  of 
healine  increases.  Thus  iltere  appear^  to  be 
.a  corrcl.ition  lietween  the  sulfur  retention  .ind 
the  hfdling  incltx.  The  healing  index  is  a 
measurable  numerical  evaluation  of  a function 
which  is  directly  pioiioriional  to  the  rate  of 
healing (1.2).  The  metabolic  fate  of  sulfur 
and  .sulfur  containing  amino  acids  during  the 
healing  of  experimeolal  wound*  should  give 
an  in.sight  into  tin;  disposition  of  the  retained 
sulfur  The  utilisation  of  the  cystine  by  the 
regenerating  wound  tissue  and  its  relation  to 
the  function  measured  by  the  h-alin;^  index 
arc  con.sidered  in  this  report. 

Rxpirimental.  The  experiments  to  be  de- 
scribed were  carried  out  on  two  groups  of 
female  albino  rats  (18  animals  fier  group!, 
weighing  170  :t-  20  g.  The  animals  wore  main- 
tained on  a lasal  0%  protein  diet  for  5 days 
prior  to  wounding  .After  wounding,  one 
group  of  rats  was  continued  on  the  0%  pro- 
tein diet  supjilemented  with  oO  ing  of  1)T- 
alanine  per  100  g of  diet,  while  the  second 
group  rereised  the  0%  protein  diet  supple- 
mented with  100  mg  of  DL-meihioninc  per 
1C«J  g of  diet.  The  basal  ll.'t  consisted  of  S3 
g sucrose,  10  g lard,  2 g com  oil.  .3  g salt  mix- 
tuceflS),  I mg  thiamine  HCl.  1 mg  rilwilavin, 
1 mg  pyrldoxine  H('l.  4 mg  caicinni  panto- 
thenate. 10  ing  nicotinic  acid  amide.  0.3  mg 
2-  nethyi-naphthoquinone.  1550  lU  vit.  A.f 
an-.:  2i0  IL'  vit.  D.'  The  animals  were  pro- 
vide<J  with  7 g of  diet  |)er  day.  which  was 
completely  consumed  before  the  next  daily 
feeding  period.  Distilled  water  was  permit- 
ted ad  libitutn.  After  removing  the  hair,  the 
wounds  were  made  on  the  hack  of  the  neck 
of  the  rats  by  tracing  the  outline  of  a coin  (3 
cm  diameter),  and  cutting  on  the  marked 
tradng.  The  circle  of  skin  wa.*  cut  down  to 
the  layer  of  the  fascia  and  removed  with  any 
adhering  connective  tissue,  according  to  tlie 
method  described  by  Pan!  ft  al. (16).  Two 
days  after  wouiiding  each  rat  was  injected 

' From  ol'um  pfrtomr^pUitm. 


Siili'iitanconsly  •vitli  0..'-'  mu  o;  ■s'’  l;i|pi'l( d 
I. -methionine,  rc-pre-pentinu  v h)’’  C"ijn!.< 
jx-r  minute.  Dne-ihirc'  nf  tin  .ar.lni.ih  in  < ;uh 
gioiif)  were  .sacrifKi-ti  nn  the  .slh.  sth  ainl  .Jtli 
<lay  aftor  wiMirHlinu.  .haniples  of  reuenei.dinc 
'roinnl  ti.*siie.  norni.il  nnwouiuled  skin,  liver 
ant!  muscle  were  taken  from  each  lat  and 
hydiolv/ed  in  o \’  I-K  1 rtrxat  rare  w.-is  f. alien 
to  insure  that  no  normal  tissue  was  included 
in  the  sample  with  the  regenerating  woiiml 
;.is.sue.  Vormai  unwoiindcrl  .skin  tissue  wa* 
f btai.ned  from  the  area  near  the  site  "(  the 
wound.  Thi.s  tissue  was  completely  freed  of 
hair  l>efore  analysi.s.  The  .ibove  tissue  sam- 
ples '.M-re  analy.'ed  lor  total  sulfnr(ll).  tot.il 
nitrogen  ( micrnkjeldahl ) . and  cysteine  — 
cystine  (designated  as  rys!inc)(\2  i.il,  The 
relatively  sina!!  amounts  of  sample  available 
made  it  necr  s-.iry  to  c.akul.ate  Pie  methionine 
pre.sent  iii  ih-  ti.'sues  by  difference.  .Although 
the  methionine-sulfur  fractions  probably  in- 
clurled  siill.T  from  compounds  other  than 
methionine  by  far  the  largest  jian  tv  these 
tractions  of  the  sulfur  comes  from  the  me- 
thionine. besides  determining  the  total 
in  tne  tissue  .samples  .ibqiiots  were  (i.ir  iiioned 
into  cysteine  — cystine  and  non-cvsli’ine 
cystine  fraction  by  the  method  of  Zittle  and 
0'DelUl4f.  and  the  S'*’’  flelermined  in  the 
tractions.  Tiie  latter  fr.iiiion  was  desiun.aied 
a.'  the  methionine- b**'  fr, action. 

Rrsnlls  and  discussion.  In  Table  I is  shown 
the  S'-'  content  of  the  various  tissues  which 
were  analyzerl  in  terms  of  counts  per  minute 
per  gram  of  ii>sue.  It  should  be  noted  that 
there  Is  a very  marked  increase  in  the 
content  of  the  regenerating  wound  tissue  with 
time.  This  increase  reflects  ilie  accretion  of 

T.VlJlii-.  I KPTff;  of  Dirtsrj  M-'tliioniiiH  on  IVis* 

:ri!»urif)n  . i M'-ihioninc  in  Wcomdi'd  liaw. 
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TARLK  II.  Snifx?  NHrngm  C<^ntpBr/g  0t  Snt  T!t!«ac. 


l>a.T»  Wnund 

wogudiog  S'  K 


.> 

1.9 

. 20.3 
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2.3 

' 22.0 

12 

2.9 

27  8 

6 

2.0 

. 22.4 

.8 

2.8 

2e..'i 

12 

3.0 

28.8 

— •* — 

S>Kin 
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0%  firuMiii  diet 


2.0 

3U.S 

.ro 

1.7 

40.8 

SJi 

1.0 

48.4 

2.3 

0%  protetn  dirt  + mothio&iae 
8.1  . J9.2  2.9 

l.«  42.1  2.a 

l.«  40.2  2.3 
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TABLE  TII.  nuiribatioii  of  3**  fron  M«tkiAainc 
between  C^rstiiie  and  Metliiooine  Fractions  kt  Til* 
«ue  in  Wonnded  Rati. 
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Mftliio- 

Cyitinc*  »tBc 

Methio. 

nine 

0%  prrteia  diet 

.s 

Sfiaa  2417 

1485 

910 

8 - 

4380  .3205 

1870 

rao 

12 

5240  4026 

1171 

4S3 

0*7  prutoin  diet  -I-  methionine 
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39(17  2027 

1427 
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8 

.M:7  3600 
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12-25 

12 

ti»o0  4072 

. 940 

1003 

'•Titini.’*'  fruetioti  inelndM  both  crsteiiic 

aii<t  ■ Tstioi.'. 

new  cflls  and  protein  in  the  wound  area.  Due 
to  metabolic  tunan'or.  the  S*?  coolent  of  the 
other  tissues  decreased  with  tftne.  Altbou,i^ 
some  small  part  of  the  methionine-S“  may 
have  been  directly  utiliaed,  there  can  be  little 
doubt  that  the  bulk  of  the  wound  tissue  S** 
arose  from  the  dep-:xdation  products  of  other 
tissue  proUins. 

^Tlie  total  sulfur  ud  nitroften  cotileni  of 
these  tissues  <•  tabulated  in  Table  II.  The 
general  trend  of  the  total  suffer  levels  in  the 
tissuits  jiamllels  tl'at  observed  for  the  S**. 
However,  the  chanutes  observe  are  not  as 
marked  as  !n  the  case  of  the  radio-sulfur. 
Tni.s  mny  account  for  the  previous  difficulty  in 
obtaining  significant  differences  in  the  sulfur 
content  of  wound  ti.ssues  srhich  had  been  1^1- 
faig  for  different  lengths  of  time.  Particular 
note  should  be  made  of  the  fact  that  the  sulfur 
CAQtent  of  the  regetterating  wound  tissues  is 
v<?r>'  mudi  higher  than  that  found  ia  the  other 
ti.s.«ues  analyzed,  based  on  the  nitrogen  con- 
tent of  the  tissues. 


The  only  significant  change  in  the  nitrogen 
contest  of  the  various  tissues  occurred  in  the 
case  of  the  wound  tissue,  although  the  'sriyall 
decreases  observed  in  the  liver  may  be  re- 
flecting the  negative  nitrogen  balance  which 
exbted  in  these  animals.  The  relatively  low 
ititrogen  concentrations  appearing  in  the  heal- 
ing wound  tissue  samples  are  coruonant  with 
previous  work  which  had  shown  that  this  tt’pe 
of  tissue  has  a very  high  water  content  (16). 
From  the  data  in  Table  11,  the  water  content 
of  the  wound  tissue  appears  to  diminish  grad- 
ually with  the  progression  of  the  healing  proc- 
es.s. 

In  Table  III,  the  results  of  the  partition  of 
the  S**  into  cystme  and  meihiooine-S'**  frac- 
tions is  shown.  It  is  of  special  importance  to 
note  that  so  large  a proportioo  of  the  injected 
methionlne-S**  is  converted  to  cysteine-  or 
cystine-S*.  In  agreement  with  the  data 
shown  in  Table  I,  the  sum  of  the  two  S** 
fractions  increases  with  time.  However,  the 
concentration  of  the  cysttn€-S**  is  much 
greater  than  is  that  of  the  methionine-S**. 
These  lesuiis  would  appear  to  support  the 
previous  report(t)  showrinp  that  although 
methionine  is  required  during  the  healing 
plocess,  there  ar>pcar»  to  be  greater  utiliza- 
tion of  cystine. 

Table  IV  shows  the  results  of  the  analysis 
of  the  tissues  for  cystine  and  methionine.  The 
regenerating  wound  tissues  accumulate  cyr- 
tine  quite  rapidly  while  the  concentration  of 
methionine  increa.ses  at  a more  leisurely  rate. 
In  the  liver  and  muscle,  there  wa.s  a marked 
decrease  in  the  methionine  concentration  while 
the  irystme  remained  essentially  unchanged 
throughout  the  experiment.  This  might  be 
taken  to  indicate  that  the  liver  and  mti.scle 
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airtMonine  &ulfur  are  the  principal  sources  for 
the  wound  tissue  sulfur^  It  would  also  follow 
that  a large  portion  of  the  metaboliwd  liver 
and  aniscl«.QWtbionine  is  converted  to  cysteine 
or  cystine,  which  may  be  utOized  by  the  re- 
generating wound  tis^.  This  is  supported 
by  tih*  fact  iuat,  in.  the  animals  fed  the  (Kr 
protein  diet,  the  ratio  of  cystine  to  methioaioe 
-•WUCted  was  found  to  be  approximately  5:1. 
'•-’Ttiadousiy  reported  analyses,  as  well  as 
thoee  diown  here,  indicate  that  there  is  usually 
appreciably  more  methionine  found  in  most 
times,  than  there  it  cystine.  This,  however, 
is  net  the  case  in  the  ttgeneratiag  wound 
tissue.  In  the  wound  tissue,  the  concentre- 
tkm  el  cytiinv  becocoes  increashigly  greater 
than  the  level  of  inetldoaite  dvjing  the  course 
of  healing.  *niis  (act  might  be  interpreted  to 
mean  that  th^re  are  two  types  of  proteins 
being  synthesized  hi  the  wound  area.  The 
hm  t3rpe  Thiigfat  be  ntnsidtred  to  be  synthe- 
sized reiathn^  akwly  and  to  contain  a higher 
proportion  of  methionine  than  cystine.  The 
chsrscteristks  of  this  type  of  protein  are  prob- 
«}«y  thnilar  to  skin  proteins  in  general.  The 
sacond  type,  although  net  synthesized  until  at 
least  some  of  the  first  type  of  protein  has  si- 
hea^  been  laid  down  in  the  wound  area,  is 
^yntiiesized  mere  rapidly  and  contains  a 
^dgber  .proportion  of  cystine  than  methionine. 
Fractionstion  studies  of  the  proteins  in  re- 
generating wound  tissue  at  various  stages  of 
devdopment.  and  in  normal  skin  tissne,  are 
adWHinder  way  to  test  this  hypothesis. 

' The  rates  of  healing  of  wounds  in  rats  fed 
n 0%  protein  diet  and  a 0%  protein  diet  sup- 
plemented with  methionine  were  determined 
as  previously  described  (1,2).  The  results  are 


shown  in  Fig.  I to  be  essentially  straight  lines 
of  different  slopes  [Isealing  indices).  When 
the  cystine  per  gram  of  wound  tissue  is  plot- 
ted against  time,  straight  lines  also  result 
(Fig.  1).  These  lines  may  l>e  represented 
by  the  following  equations: 

C — kjt  a 

T = kit  b 

where  C h the  cystine  concentratioa  in  the 
wound  tissues,  T,  the  tensile  strength,  t,  the 
time  in  days  after  w unding,  and  the  other 
symbols  represent  constants.  It  would  then 
follow  that:  C — k*T  -|-  c.  If  this  equation 
U valid,  a straight  line  should  result  from  a 
plot  of  tensile  strength  against  the  cystine  con- 
tent of  the.  wound  tissue.  That  this  Ls 
actu^ly  the  case  is  shown  in  Fig.  2.  It  may 
than  be  concluded  that  the  rate  of  depoiiition 
of  cystine  Ib  the  wound  tissue  is  proportional 
to  the  raU  of  increase  in  tensile  strength  of 
the*  wound  (healing  index).  Since  the  rate 
of  healing  U proportional  to  the  healing  index, 
it  can  now  be  measured  by  two  separate  func- 
tions, the  tensile  strengih  of  the  wound,  and 
the  cystine  content  of  the  wound  area. 

It  might  be  aioumed  that  the  measurement 
of  the  tensile  strengi*!  of  wound  tiaroe,  re- 
quires, among  other  factors,  the  rupture  of 
bonds  between  relatively  large  i^ecules 
jghiefa  are  not  in  solution,  but  are  arranged  in 
some  sort  of  colloid  meshwork.  It  would  then 
seem  probable  that  the  cystine  in  the  wound 
tissue  is  preponderantly,  if  not  completely, 
associated  with  protein  molecules. 

Summery.  Wound^  rats,  injected  with 
L-methionine-S*’’,  accumulate  the  radio-sulfur 
in  the  wound  tissue,  even  when  tho  oontent 
of  the  other  tissues  is  decreasing.  The  largest 
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l‘’lG.  1.  Tt'wile  alranglh  and  eyatoine  cysliiie  eonmitratioii  of  hi>:ilinj{  av.i,jih1«  is  rafa  on  a 
aoB'paotoin  4U't  lotted  againat  tima  Solid  rireks.  diet  snp|i1onieoie<l  wUh  aUniiio;  opun  rireloa, 
diet  suppleoivnUd  with  niotliiotiinu.  Solid  linoa,  tenaili'  stroiiglb  data;  hr  >kPB  linos,  eyateino  + 
cyatlne  data.  .Sigiiiticanee  bstwean  the  menu  salute  of  touaiio  etr^agth  ia  “p”  <002.  Sigai- 
firnnee  between  the  mean  values  of  tiie  oystcino  + eyjtine  is  “p’’  <0.05. 
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nii.  2.  Tensile  strength  of  IinaUiig  wouu<l  in  ruts 
on  a nnn-prntcin  diet  plotted  against,  the  eystcine 
-f-  eyerine  euneentratioa  of  the  regenerating  wound 
tissue.  Sniid  rirelee,  diet  supplemented  with  aha 
nine;  n[>en  eireles,  diet  supplemented  with  metli- 
inninc. 

part  of  the  S**  in  the  wound  tissue  appears  as 
cy.stine-S®'’,  The  rale  of  deposition  of  cystine 
in  the  regenerating  wound  tissue  is  greater 
than  that  of  methionine.  The  rate  of  healing 
(as  measured  by  the  healing  index)  h a func- 
tion of  the  cystine  content  of  the  wound  tissue. 
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Effect  cf  Clystine  «nJ  VIethioniiie  on  licalin)|[  of  Fxpcrimenfal  Wounds.* 

(19712) 


.Martin  H.  Wim.iamiois 
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Chh 

In  previotia  re|x>ii'(  I.’ ).  tlie  inore  rapid 
ralf  (if  hralins  of  rxporinicnt.il  wi.uinds  in 
animal'  frd  a hidh  protein  cJiiM  as  tompared 
to  tho.'e  on  a lower  iirotein  diet  was  sliowii  to 
he  due  to  the  ^treater  intake  and  retention  of 
protein  .stilftir.  It  wa-  also  'l|own  that  metli' 
ioninc  could  serve  a'  '.he  'ourtr  of  protein 
sulfur.  Thi.s  explained  earlier  work  which  had 
indicated  that  nie:hi«nine  increased  the  rate 
of  hraliiuii  ?-5  ).  Other  essential  amino  acids 
f6,7)  were  found  to  have  no  effect  on  the 
firulini’  indfx,  a numerical  measure  of  a func- 
tion which  is  projxjrtiona!  to  the  rate  of 
healing. 

Methionine  may  have  2 jM).'<ibIe  roles,  in- 
volving its  sulfur  atom,  which  might  affect  the 
hfdliiii'  index.  Kir.st.  it  might  be  required  di- 
rectly 111  the  healing  priAC."AS  for  .such  re 
actions  a.'  protein  sjmthe.sis.  .Secondly,  meth- 
ionine might  serve  as  a precursoi  for  some 
other  suliiir-contiining  compound  required 
during  healing.  .Mthougli  these  alternatives 
need  not  nece.'S;irilv  be  mutually  e.xclusive.  it 
i.s  not  unreasonable  to  [in-snme  that  one  func- 
tion will  he  iiMjre  inipi/rtaiit  than  the  other. 

In  the  pre.xent  paficr.  it  is  shown  that  the 
healing  index  can  lie  aiiected  by  cystine  to  the 
same  extent  a.s  by  an  er|uivalei)t  amount  of 
methionine,  on  the  basis  of  sulfur. 

Expirimefital  The  ex[>eriment.'  to  Ire  de- 
.scrilR-d  were  cariicd  out  in  a similar  manner 
to  those  jrreviou.sly  reported ( 1 .2 ).  Tn  each 
e.xperinicnt,  ?>  groups  of  24  female  allrino  rat.s 
(200  20  g)  were  maintained  on  .a  basal  diet 

for  3 (iay.s  prior  to  wounding.  The  basal  diet 

•This  work  was  ridm-  under  conirart  with  the 
U S.  N'avy,  Office  of  .Naval  Uo.warch. 
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)ie,L'rinr  and  (iruJuii!i  Sfhool,  l.oyola  L'nh/rsity. 
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consisted  of  6 g casein.  10  g lard,  2 g torn 
oil.  .s  g .salt  miMiiie(S),  77  g sucro.se.  1500 
l.l'.  vit.  .\.'  210  f.r.  vit.  l).f  1 mg  thiamine 
lin,  1 mg  riiioilavin,  1 mg  pyridoxine  HCl, 
15  mg  nicotinic  acid  amide,  4 mg  calc’um 
pantothenate.  0.5  mg  2-methyl  paphtbo- 
qtiinonc.  S mg  iiui.sitnl.  and  25  mg  choline 
chloride.  ‘I'his  diet  w.mlil  permit  only  a small 
amount  of  piolciii  accretion  in  normal  un- 
wounded  animals  (as  measured  by  nitrogen 
excretion  and  increa.se  In  body  weight).  On 
the  d.iy  of  wounding,  the  animals  were  trans- 
feired  to  the  e.xperi menial  diets.  All  the  ani- 
mals were  given  the  f,ame  weighed  amount  of 
diet  daily,  in  quantities  which  would  Ire  com- 
pletely con.sumed.  Distilled  water  was  per- 
mitted ad  libitum. 

Standard  experimental  wounds  were,  made 
on  the  back  of  the  neck  of  the  rats  as  pre- 
viou.sly  described!  1 ).  .M  approximately 
weekly  intervals.  1/3  of  the  animals  in  each 
group  were  sacrificed  and  the  tensile  strength 
of  a number  of  0.5  cm  sections  of  the  healing 
woiind  were  measured!  1,9).  The  relationship 
of  tensile  strength  to  time  results  in  a curve 
which  may  Ire  considered  to  be  essentially  a 
.straight  line.  Thi.s  line  can  be  represented  by 
the  equation  T — kt  -|-  C,  where  T is  the 
tensile  strength  in  grams,  and  t.  the  time  in 
days.  C is  a constant.  The  slope  of  this  line 
(A')  is  the  healing  index,  and  may  be  com- 
puted from  the  e()ii3tion: 

>a  - 'i 

where  Ti  is  the  tensile  strength  at  time  ti, 
and  7’..  is  the  tensile  strength  at  time  t;.  K 
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has  the  fliniension  oi  a rate  term  which  tic 
•crilies  a function  of  ihc  rate  of  hcalinR. 

• Urine  rarnpies  vvcic  collector  daily  before 
ami  after  the  time  of  wounding.  The  urine 
was  stored  under  toUii'iic  at  until  anaiyse* 
were  run.  The  urine  was  analyzed  for  total 
nitrogen  (microkjeldaht)  and  .suHurtlO.il). 

Results  and  (li.u  usslor/.  The  niirogeu  aou 
sulfur  .sources  of  the  diet  fed  the  w.uin<led  ani- 
mals irsed  in  K.sp.  I .ire  described  in  Table  I. 
TTie  hral\n«  indices  for  these  animals  were 
calculated  from  the  tensile  strength  data 
plotted  in  Fig.  1 . It  can  be  seen  that  the  rates 
of  healing  in  the  animals  receiving  die  meth- 
ionine and  cystine  supplements  (K  •-  50  and 
51)  arc  significantly  greater  than  that  of  the 
control  group  (/f  = 40).  It  should  be  noted 
particui.trly  that  equivalent  amounts  of  cys- 
tine and  methioniiie  (on  the  basis  of  .sulfur) 
have  the  same  effect  on  the  healinn  ind-cx.  A 
repetition  of  this  experiment  gave  identical 
results.  • 

A correlation  between  the  sulfur  retention 
and  the  ftcaling  index  whs  observed  litre,  as  in 
previou.sly  reported  work  f 1,2).  It  would  be 
expected  that  the  retention  of  sulfur  should 
be  proportional  lo  the  retention  of  nitrogen,  in 
a ratio  .similar  to  that  found  in  the  .uiimal. 
In  the  rat.  tiie  nitrogenz.sulfur  ratio  is  aj^oxi- 
niatcly  15:1.  .\(ter  wounding,  there  appeal.^ 
to  be  a greater  retention  of  sulfur  than  might 
be  expected  from  the  amount  of  nitrogen 
which  is  retained.  This  ‘'excess  sulfur’’  also 
appears  to  l>e  correlated  with  the  healinn 
index.  The  data  supporting  this  correlation 
are  shown  in  Table  I, 

Whether  the  results  noted  abo-/e  were  due 
to  the  direct  action  of  the  cystine  supplement, 
or  to  the  effect  of  the  cystine  in  sparing  the 
methionine  available  from  the  casein  in  the 


diet,  remaiiied  to  l)f  determined.  Therefore, 
ail  experiment  similar  to  the  previous  one  was 
carriefl  out.  except  that  the  casein  was  omitted 
from  the  diet  fed  the  wounded  animals.  The 
control  group  of  animals  received  a diet  con- 
taining no  sulfur  amino  acids  and  -W  mg  of 
amino  acid  nitrogen  per  lOO  g diet,  in  the 
form  of  alanine.  'Fhe  cy.stine  and  methionine 
supplemented  diets  contained  1 00  mg  of  amino 
acid  sulfur  and  44  me  of  nitrogen  per  JOO  g 
of  diet.  The  ctin'es  of  tensile  strength  against 
time  i.btainrri  in  this  e.xperirnent  are  plotted 
in  Fig.  2. 

Here  .igain,  the  effect  at  cystiae^and 'meth- 
ionine on  the  heul'mg  index  can  be  seen  to  be 
essentially  the  same  iK  — .t6  antf  54)  and 
significantly  greater  than  that  found  in  the 


L 4tl;  Oiirvf  B (t)ri>u|>.  11),  nwtliiDnlDe  supjji-- 
iii«-ii;,  Cturre  C (Group  III),  cystioo 
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It  u •*1.”;.;  <.01. 


Amino  Acids  and  Wound  Hk\i.inc 


2.  TouHiii.'  8tr«ii{ftli  <if  hoaliiig  worniAi  ia  rats 
III)  a lion  protoiii  dll  f jiln-ti'd  AK.iinrt  time.  Carve 
.V  (Orimp  I),  aljiiiiiA  supplcnicnt,  hfaUtig  index 
<fC)  x:-4;  i^urvi'  I'l  (Uroiip  JI)  mctliomini  tup- 
pleuii'ut.  l.'iinc  i.  ((Ii  iup  ilf),  ojrsUni! 

viipplt  iii*iiit.  /C -r*  3li.  8igniHvniiee  brtvsoru  mean 
values  of  tuisiW  atronirtti  for  (iioui's  I enj  11  i« 

•‘p".  <.(»1 

controls  (X  r.  24).  .‘since  the  conversion  of 
methionine  to  cystine  is  irrever.sible  hi  tito 
(12,13),  it  nvu.v.  be  concluded  that  the  meth- 
ionine in  the  diet  Ls  first  converted  to  cystine 
before  it  becomes  available  for  the  iiealing 
processes.  It  then  appears  that  cystine  is  the 
limiting  fioctor  affecting  the  heeling  uniex.  and 
that  methionine  serves  primarily  as  a source  of 
cystihe  sulfur.  Of  course,  cystine,  as  such, 
iTUj'  not  be  required  bv  the  healine  wound. 
It  may  be  that  cystine  is  itself  merely  a pre- 
cursor of  the  aulfur  containinR  .sub.-itance  util- 
ized during  healing.  The  correlatioas  be- 
tween the  healing  indices,  the  .sulfur  ludaiices 
and  the  “excess  .sulfur”  v.-*'ues  for  this  ex- 
periment are  shown  in  Table  If. 

Further  work  ba.s  ind.'c.'ited  that  methionine. 
per  sr,  is  required  to  some  extent  during 
wound  healing,  over  and  above  that  which 
may  be  concerted  tocystine.  When  rats  were 


fed  a 5%  casein  diet,  supfdemented  with  100 
mg  of  ethionine  sulfur  and  100  mg  of  either 
rysfine  or  methionine  sulfur  per  JOO  g diet,  a 
lower  healing  index  was  observed  than  in  the 
control  animals,  who  receivwl  no  sulfur  amino 
acid  supplement.  \ contjwri.vjn  of  the  tensile 
strength  data  for  tlii.s  experiment  is  shown  in 
Fie  .1.  These  data  may  l)e  interpreted  to 
mean  that  the  ethionine  is  interfering  with  the 
Af  both  th?  cystine  jind  th'tf 

methionine. 

Ethionine  is  known  to  block  the  conversion 
of  methionine  to  cystine  as  well -as  the  incor- 
poration of  methionine  into  protein(14  l.i;). 
The  latter  effect  results  in  .a  tlecreased  rate 
of  p>rofein  .synthesis.  In  Group  11  ^meth 
ionine  supplement ),  the  low  heuting  index 
may  l>e  considered  to  be  due  to  the  laik  of 
cystine  resulting  frtim  the  interference  with 
methionine  convfwsion.  However,  in  spite  of 
the  relatively  large  amounts  of  cystine  avail- 
able to  the  anim;il.'  in  (ironp  111.  a Ir,v 
kfulmg  index  \va.>  still  ob-erved.  In  this  case, 
it  .«ei-ni.--  probable  that  the  ethionine  interfered 
with  the  utilization  of  methionine  for  purjxt.ses 
other  than  cystine  formation,  .so  that  the  cys- 
tine requirement  was  no  longer  the  limiting 
factor  in  she  healing  process.  Jt  must  then  be 
concluded  that  metbianine  la  also  required  for 
wound  healing.  It  is  not  unlikely  that  the 
methionine  requirenunl  during  wound  healing 
i.«  neeried  primarily  for  protein  synthesis, 
whereas,  the  cystine  required  may  be  usrrd,  to 
.'Ome  e.xtent.  for  reactions  other  than  protein 
synthe.sis. 

In  the  experiment  where  the  diet  fed  to  the 
-wounded  rat.s  contained  no  protein,  the  meth- 
ionine required  for  healing  by  the  control 
anirnal.s  and  by  thos*  receiving  the  cy.silire 
supplement  must  have  originated  in  the  ti.ssue 
.orotein.  It  would  then  t>e  rea.sonable  to  think 
that  the  methionine  requirement  mu.st  Ite 


TABLK  II.  EfTict  (if  Kx-,>triinentol’ Woiiwdn  ou  Nitregou  und  Sulfur  Baljun-i-t.. 
Kxp.  II.  

, — — r — Xitrogfi! , , Sulfur , 

rtriiup  .tvg'lAilj  •\v>: 'l.aly  re-  A vg  daily  Avg  daily  re-  Avg  “exi-viui  limhitii 
Ko.  intake,  mg  ti-iitioa,  mg  uuake,  lag  tastion,  ma  Hiilfur.  ” ini^-  imlcx 

5.1  -40.1  e -2.00  24 

5.1  -33.W  7 1 i.;'.')  :i4 

S.l  -35.0  7 1.04  1.3;t  30 
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Amino  Arnos  and  Wound  Hbalino 


FK«.  3.  Tcit;*iU*  '•honj{th  cf  itt  ruts 

ou  a flK’t  jiiotto.l  rijjiuiiiit  tiiiM*.  C^rv#  A 

•((iroup  li,  Mb»»iinf  j-^'ppUMucnt.  Arafiw«7  tmirx  ^K) 
_ 31:  <Hirvu-  U ((fronp  If  , rtbiimino  ur\  \ niitlMo 
nlno  suppb'iiKMtt,  /v  .-*-1;  L'urvi*  C ((tr*>up  111), 
••thitmim*  an<(  stipph'nun* . f\  21.  ^igniti 

ciitirf  bctwi-cii  in‘**(ii  <f  ti'iwH  ,Afn-ntf*li  (\-t 

Groups*  I an*!  II  i« 

relatively  .small  as  compared  to  the  cy.stine 
requirement. 

Summary.  The  effect  of  methionine  and 
cystine  on  the  hr.aitng  rndrx  of  slanilartl  ex- 
perimental wounds  in  rats  was  determined. 
Since  bftth  amino  acids  have  the  same  effect, 
per  equivalent  oi  sulfur,  it  is  concludetl  that 
methionine  Is  converted  to  cystine  before  l)e- 
ing  used  in  the  healing  process.  When  the 
utilization  of  methionine  is  blocked  by  eih- 
ionine.  cystine  is  ineffective,  indicating  that 


some  methionine,  per  se,  is  required  for  the 
he.aling  of  wounds.  There  appears  to  be  a 
correlation  between  the  healing  index  and  the 
rtteniion  of  amino  acid  .sulfur  in  excess  of 
that  exjrected  on  the  basi.s  o!  nitrogen 
retention. 
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1064.  Influence  uf  expefimental  wound*  on 
meiaboliam  of  aulfur.  Martin  B.  Williau- 
auN  ANu  Herbert  J.  Froum.  Depl.  oj 
cKemitlry,  Sfttool  of  idedic.iu,  LoyoUt  Cnii., 
CKtmgo,  Hi. 

It  has  been  ahown  th&t.  aulfur  metabolism  in 
wounded  animats  ia  altered  from  the  normal. 
This  problem  a-aa  studied  by  investigating  the 
nitrogen  and  aulfur  balances  in  wounded  and  in 
normal  rata  (2GC  ±.  Z)  gm)  (ed  a 0%  protein  diet, 
supplemented  with  either  eyatine  or  methionine. 
At  interval*  after  wounding,  a number  of  tlie  rats 
were  sacriliced,  is  order  to  determine  thi:  sulfur 
amino  acid  coolent  of  the  regenerating  wound 
tissue,  as  well  a*  varioue  other  tissues.  It  was 
found  that  the  wounded  animals  excreted  slightly 
more  aulfur,  Imt  appreciably  more  nitrogen,  than 
the  uuwouuded  rats.  The  soifate  ion  excretion  in 
the  wounded  rata  was  much  greater  than  that 
observed  in  the  normal  animals.  This  was  counter- 
balaneed  by  a lower  output  of  nonniulfate  sulfur. 
These  results  may  be  taken  to  indicate  an  altera- 
tion in  the  path  of  sulfur  mstaboliam.  Tbc  tiasue 
analyses  show  ed  that  there  was  a gradual  accretion 
of  both  cystine  and  metbionioe  in  the  ragenerating 
wound  tiasue.  However,  tbe  rats  of  accretion  of 
eyatine  was  vcr;r  much  grsatar  than  that  obaerved 
for  the  methionine,  and  appeared  to  be  propor- 
tionsl  to  the  rata  of  healing.  This  was  observed  in 
all  the  wounded  animals,  regardlass  of  tbe  diet  fed. 
Tbe  cystine  content  of  the  other  tissues  remained 
essentially  unchanged  throughout  the  experiment. 
There  was  a marked  decrease  in  tbe  metbionino 
content  of  the  liver,  while  that  of  tbe  other  tissues 
remained  constant  or  dssrsssed  only  slightly, 
suggesting  that  ths  Bvsr  is  one  of  tbs  primary 
sourees  of  msthionine  and  eystine  for  the  regen- 
erating wound  tiasue. 
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Inhibition  o1  Urea  Fomation  by  Pentobarbital  ’ 

U l;il<;  invi  sligntiiiK  [Toli-ui  iluiiii^  thf  healinc  of  I'-Vpi'niin-nt:)!  wovintla, 

11  w.i.1  obaiTved  ilii.t  H inarki-d  •Ji-rrra.'-e  in  urw»  iiitrof^cn  anti  a siniultaii'  oii.^  Inci-^.vc 
in  ari.t  r,itn>»5i-n  in  the  liiiiio  «|'pf.ar<ai  Mithin  a etiort  iiiin'  al’nr  ilir  wnii.Oiiu 

vM'.'r  iiiii'ln  .\t  tirrt.  tlii.«  reai  Uon  \va*  aUribul^al  to  tlir  offnel  of  t!.c  wininil  on  prntnii: 
iiictaix'liMii.  HinvfVi  r,  furHi'  r civsily  rrviytlittl  that  this  flyult!  !'S  pr’iduc'''!  bv 
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the.  Hiimitiistratioo  of  15  mK./kt(  body  wl.  of  pentobarbit.al,  which  had  been  ui^ed  as 
tho  aneattietie.  Thi*  effect  on  tt.c  urea  and  amino  acids  c.tcreted  in  the  urine  was 
obtained  in  all  nnirnala,  regardlcee  of  U»e  level  or  quality  of  the  protein  intake,  .ind 
whether  tiiev  had  iieen  woundisi  or  not.  In  all  cases,  Use  urinary  level  uf  the  urea  .ind 
amino  acid  nitnigen  returnwl  to  rKTiiml  within  5 days  after  the  administration  of  the 
pentobarbital. 

The  data  sliown  in  Table  I were  obtained  from  naature  female  rats  (160-190  g i 
which  had  been  kept  on  Uie  indicaUal  diets  for  ai  least  4 day^  prior  to  the  oollcction 
i.f  'h«  unne  s.intph's  for  ao:iiy.'*is.  Tlie  unne  ws“  i>>li<ictoil  fur  21-hr  periods  and  kejil 
under  toluene  .at  5’((.  un'il  the  an.alv.'>-.s  were  mode.  Thu  urea  conUml  of  the  urine 
Tva*  determined  by  .i  urease  method  (!'.  wliilc  theamiuo  acid  nitrogen  was  estimated 
hy  a modifir-d  fornml  titration  >2). 

The  effwt  of  the  pcntoiiarbi'.al  .afipeam  to  he  an  inhibition  of  urea  forrmition  with  a 
cuiiwfiuent  iiicrense  in  aniiiic.  acid  excretion.  This  effect  may  l>e  iliu*  to  an  interference 
with  i>ne  or  more  of  the  ( iirynies  which  d<':iinir.ate  amino  acids,  oi  whedi  are  invf.dved 
ill  the  ■.•oDversim.  oi  ihese  .iniin  i groups  to  ure.a  in  the  liver.  K.\i)orimi!iitK  to  .'‘indy  the 
effee;  i,t  px-ntoli.irhitai  on  liie  en/yiuu  s\  stems  which  are  concerned  with  u.ca  forina- 
tion  are  conleinplated. 
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Influence  of  growth  barmone  on  hejtiliig 
of  experimre^oJ  wound*.  Mahtin  B.  Wii.- 
UAUaON  AND  Gsoxoa  J.  Xai/HANN.  Dept,  of 
BiacKemietry,  School  of  Medicine,  Ixynla  Ifniv., 
Chicago,  III. 

8iune  the  pituitary  growth  hormone  h*«  l>cen 
■hurt  n to  esuso  aii  increased  rctrntiOD  of  iiftrngnu, 
Its  effect  on  the  hcAling  index  (rate  of  bt^ahiig  ae 
nteasurrd  hy  eliange  in  t^naile  strength  of  stand - 
anl  Mounds  with  timet  M-as  studied.  Female  rata 
CitlO  :t;  30  gml  were  fed  a 0%  casein  dirt  1 wk. 
prior  to  wounding  and  thereafter  to  the  end  of  tbs 
experiment.  The  «-ounding  proeedure  has  been 
previously  described  (/’roe.  Soc.  Xzper.  Biot  <t 
Med.,  80  : 023,  1002).  At  about  weekly  intervals, 
H of  the  rats  were  sacrificed  and  the  tensile 
strength  of  the  wound  determined.  A aigsifieantly 
lower  healing  index  was  obtained  whsB  1 .0  ng/day 
of  growth  hormone  was  administersd,  than  was 
! und  for  the  wounds  in  the  control  anuuals, 
which  had  been  injected  writh  isotonic  saline. 
However,  during  the  course  of  the  experiment 
(20  days),  the  control  rats  lost  10  gm  in  weight, 
while  those  treated  with  growth  hormone  lost  only 
0 gm  ^'hen  identieal  experianenta  were  carried 
nut  using  only  O.S  mg  growth  hormone/day,  the 
healing  index  of  the  control  animais  wus  now  lower 
than  that  of  the  growth  hormone-treated  rata  Is 
this  case,  the  control  rats  lust  is  gm  in  weight, 
whilt!  the  hormone-treated  rwtj  lost  9 gin.  These 
results  would  seem  to  indieate  that  large  amounts 
of  growth  hormone  mobilise  protein  metabolites 
primarily  for  use  hy  tlie  body  tissue  to  tbs  detri- 
ment of  the  healing  wound  tissue;  smaller  smounts 
of  growth  hormone  permit  greater  diversion  totlm 
regenerating  wound  tissue. 


THE  INCORPORATION  OF  SULFUR  AMINO  ACII^  INTO 


THE  PROTEINS  OF  REGMERATINO  WOUND  TISSUE'^^ 

Martin  B.  Williamson  and  Herbert  J.  Fronn 
Department  of  Biochemistry,  School  of  Medicine 
and  Graduate  School,  Loyola  University,  Chicago. 

Not  only  the  administration  of  methionine,  but  that  of  equi’/alent  amounts  of 
cystine  as  well,  has  been  shown  to  increase  the  rate  of  regeneration  of  wound  tis- 
sue (1-6).  Since  the  conversion  of  oystine  to  methionine  does  not  occur  to  any  ap- 
preciable extent  in  rats  (7,8),  it  was  considered  that  the  deposition  of  protein  in 
regenerating  wouhd  tissue  is  limited  by  the  amount  of  cystine  available  for  this 
process.  Although  regenerating  wound  tissue  contains  a relatively  high  concentra- 
tion of  cystine  and  methionine,  as  compared  to  noriml  unwounded  tissue,  the  nitro- 
gen content  of  both  types  of  tissue  are  essentially  the  same  (6,  9).  These  analy- 
ses indicate  a fundamental  difference  between  the  proteins  of  wound  tissue  and  the 
normal  tissue  which  it  is  replacing.  The  incorporation  of  the  sulfur  amino  acids 
in  regenerating  wound  tissue,  as  well  as  the  source  of  these  amino  acids  will  be 
considered  in  this  report. 

In  all  of  the  experiments  to  be  reported,  female  albino  rats  weighing  200  - 20 
grams  were  used.  The  animals  were  maintained  on  a basal  diet  for  five  (hys  prior 
to  wounding.  This  basal  diet  consisted  of  83  g.  sucrose,  10  g.  3ard,  2 g.  com 
oil,  $ g.  salt  mixtTore  (11),  1 mg.  thiamine  HCl,  1 ng.  riboflavin,  1 mg.  pyridoxine 
HCl,  U mg.  calcium  pantothenate,  5 inositol,  $ mg.  p-anino  benzoic  acid,  mg. 
nicotinic  acid  amide,  2$  rag.  choline  chloride,  0.^  ng.  2-^th2rl  naphthoquinone, 

1500  lU  vitamin  A'**and  210  lU  vitamin  D^  The  animals  were  offered  8 g«  of  diet 
per  day,  which  was  completely  consumed  before  the  next  daily  feeding,  so  that  the 

This  work  was  done  under  contract  vd-th  the  U.  S.  Navy,  Office  of  Naval  Research. 
**  From  olexm  perconorphun. 


dietary  intake  of  all  the  animals  in  each  experiment  was  isocaloric#  Distilled  wa- 
ter was  pe.nnitted  ad  libitum#  After  the  aoelimation  period  of  fiwe  days,  the  basal 
diet  was  altered  as  vrill  be  indicated  later. 

On  the  sixth  day,  after  the  removal  of  the  hair  on  the  back  of  the  neck  and 
shoulders,  the  outline  of  a coin  (I4  cm.  in  diameter)  was  made  with  ink  and  the  tis- 
sue excised  down  to  the  fascia,  according  to  the  procedure  described  by  Paul,  et 
al.  (9).  At  Intervals  after  wounding,  the  rats  wore  killed  and  samples  of  regen- 
erating wound  tissue,  normal  skin  tissue,  muscle  and  liver  were  obtained.  Special 
care  was  taken  to  insure  that  no  normal  tissue  or  hair  was  included  with  the  samples 
of  wovind  tissue. 

The  tissues  collected  were  iveighcd  wot  and  hydrolyzed  immediately  in  20%  HCl  - 
$0%  HCOOH  for  2h  hovu's,  so  that  minimal  destruction  of  the  sulfur  containing  amino 
acids  resulted  (lO).  Aliquots  of  the  hydrolysate  vrcro  thon  analyzed  for  nitrogen 
(microkjeldahl),  cystine  4 cysteine  (referred  to  as  cystine)  (12)  and  methionine 
(13).  In  the  experiment  in  which  tracer  doecs  of  3^  labeled  DL-cystino  wore  ad- 
ministered, the  total  activity  warn  determined  after  oxidation  of  an  aliquot  of 

the  hydrolysate  with  a mixture  of  HNC^  and  HCIO  (ll4).  The  resulting  sulfate  was 
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precipitated  as  the  barium  salt  and  ooasured  at  "infinite  thickness".  The  activity 
was  measured  using  a Tracerlab  Autoscalar  and  Gelger-^uller  Tube  having  a vrindoT/ 
thickness  of  l.I*  rag  per  cm^.  The  total  activity  in  these  sanples  were  assumed 
to  be  derived  from  cystlne-S^^. 

^en  tracer  doses  of  DL-methionine,  labeled  vdth  v/ere  given,  it  ytas  as- 
sumed that  some  part  of  the  methionine  had  been  converted  to  cystine  before  depo- 
sition in  the  tissue  prot(3ins.  The  cystine  was  separated  from  the  methionine  in 
each  sample  by  precipitation  as  the  cuprous  morcaptido  (l5).  The  s35  activity  in 
these  fractions  vras  -then  determined  as  described  above. 

Exhaustive  trituration  and  extraction  of  the  rcgcneir.  ting  wound  tissue  and  the 
tissue  removed  to  form  the  wound,  with  0.1  N HCl,  0.1  N NaOH  or  dilute  salt  solu- 
tions gave  rise  to  no  sulfur  containing  compounds  which  TOro  not  prccipitable  with 


tidcbloroacetic  acid.  It  was  then  concluded  that  the  sulfur  andno  acids  in  these 
tissues  are  bound  in  proteins  and  do  not  occur  in  the  free  form. 

RESULI^  AND  DISCUSSION 

The  first  experiment  was  Ufidertaken  to  determine  the  equilibrium  lev^d  of  the 
sulfur  amino  acids  in  the  regenerated  wound  tissues#  A comparison  was?  made  with 
nonml  unwounded  skin  tissue.  In  ?ig.  1 Is  shown  the  methionine,  cystine  and  ni- 
trogen content  of  wound  tissue  from  rats  fed  the  basal  diet,  altered  to  contain  6% 
casein.  At  about  the  23rd  day  after  vaounding,  the  methionine  and  cystine  content 
of  the  regenerating  tissue  reaches  a maximuia  and  then  levels  off.  These  levels  of 
metiiioninc  and  cystine  are  appreciably  higher  than  is  found  in  the  normal  skin  tis- 
stje.  Thus,  in  the  wound  tissue,  at  tte  naxinal  level,  the  methionine  content  was 
about  6.3  rag.  and  the  cystine  content  about  8.2  mg.  per  gram  of  wet  tissue.  In  the 
normal  tissue,  there  was  found  U.6  mg.  and  3»0  mg.  per  gram  of  wet  tissue  for  methi- 
onirie  and  cystine,  respectively.  By  the  20th  day  after  vrounding,  the  nitrogen  con- 
tent of  the  wound  tissue  was  at  its  highest  level  (37.2  - 1.8  mg.  per  g.)  as  ccan- 
pai^d  to  the  nitrogen  contnet  of  normal  tissue  (J+O.O  ■«  2.1  rag.  per  g.).  The  re.* 

aults  <£  the  analyses  for  nitrogen  are  in  essential  agreement  with  those  reported 
previously  (9). 

It  is  obvious  that  the  newly  synthesized  proteins  in  the  wound  tissue  are  quite 
different  from  those  which  are  being  replaced.  Further,  at  least  two  distinct  types 
of  protein  are  being  synthesized  in  the  iwound  tissue  which  are  distinguishable  by 
their  amino  acid  content.  During  the  early  stages,  the  main  type  of  protein  being 
synthesized  contains  a larger  proportion  of  methionine  than  cystine.  Later  on, 
proteins  containing  a hi^er  percentage  of  cystine  than  methionine  are  produced  in 
the  wound  tissue. 

L^on  reaching  the  oaxiraal  level,  the  sulfur  amino  acid  content  of  the  wound  • 
tissue  appears  to  ronain  constant.  Even  31  days  after  wounding,  there  is  no  indi- 
cation that  the  level  of  tliese  andno  acids  will  fall  to  that  found  in  the  normal 
skin  tissue.  It  should  be  pointed  out  that,  after  31  days,  the  difficulty  of  vi- 
sually distinguishing  the  regenerated  from  tte  noraal  unwounded  tissue  is  so  great 


that  it  is  not  feasible  to  carry  the  experiment  further . The  possibl]J.ty  exists, 
of  course,  that  at  a later  time,  the  sulfur  amino  acid  content  of  the  uround  tissue 
nay  be  altered. 


The  differences  in  the  metabolism  of  the  sulfur  amino  acids  in  TOunded  and  nor- 
mal animals  were  studied  with  the  use  of  labeled  DL-cystLne  and  DL-^netliionine . 
The  use  of  these  compounds  peimits  an  insight  into  the  alterations  in  protein  me- 
tabolism, protein  turnover  and  mobilization  caused  by  injury. 

Two  groups  of  30  rats  were  fed  the  basal  diet  supplemented  with  1 g.  of  cystine 
per  kilo  of  diet.  The  rats  in  one  group  were  wounded  with  the  standard  wound,  and 
at  intervals  of  7,  11  and  lii  days  after  wounding,  l/3  of  the  animals  in  each  group 
were  killed  and  the  tissue  analyzed.  Five  days  after  wounding,  each  rat  was  in- 
jected intraperitoneally  with  a tracer  dose  of  DL-cystine-S^^  (l.Ol  x 10®  counts 
per  minute).  In  Table  I is  shown  the  data  on  the  methionine,  cystine  and  nitrogen 
content  of  wound,  skin,  musclo  and  livor  tissue  from  the  wounded  and  normal  rats. 

The  results  of  the  analyses  for  regcneia  ting  wo’ind  tissue,  in  this  table,  fol- 
low the  pattern  plotted  in  Fig.  1.  Although  the  cystine  content  of  the  skin,  muscle 
and  liver  tissue  remains  essentially  constant,  there  is  a marked  and  significant 
decrease  in  the  liver  mothionine  of  the  vrounded  rats  as  compared  with  that  found  in 
tho  livers  of  the  normal  control  rats.  Undoubtedly  there  is  a loss  of  cystine  from 
the  livers  of  tho  wounded  rats,  as  is  indicated  by  the  results  obtained  in  the  fol- 
lowing part  of  the  caeporiment.  Ho\rcver,  the  loss  of  cystino  from  the  liver  is  ev- 
idcntaly  balanced  by  replacement  with  cystino  from  other  sources,  such  as  synthesis 
from  methionine  or  fix)n  the  diet,  giving  a net  level  of  cys tine  which  appears  to  re- 
main unchanged.  Similar  effects  wero  observed  in  wounded  rats  fed  a pixjtein  free 
diet  supplemented  Tivith  DL-mothiordne , These  results  my  bo  taken  to  mean  that  me- 
thionine from  tho  liver  is  one  of  the  principal  tissue  sources  for  the  sxilfur  amino 
acids  of  regenerating  vraund  tissue. 

In  Table  II  is  shovm  the  activity  of  the  cystine-S^^  in  the  tissues  studied. 
There  appears  to  be  a rapid  uptak  and  loss  of  the  label  by  the  regenerating  wound 
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tissue#  Between  the  7th  and  Ibth  day  after  wounding,  there  is  a TCfjb  decrease  in  the 


specific  activity  of  the  wound  tissue  samples.  This  effect  may  be  due  either  to 
the  fact  that  the®  i#  a rapid  accretion  of  vround  protein  and  wound  cystine  d\iring 
this  time  (as  shown  in  Fig.  1 and  Table  l),  or  to  protein  tumoveir  jji  the  wound  tis- 
sue, cr  both.  It  seems  likely  that  the  accretion  of  cy s tine  in  the  wound  protein 
has  the  greatest  influence  in  causing  this  decrease  in  specific  activity. 

There  appears  to  be  a nurked  loss  of  activity  in  the  other  tiss’’ js  as  well. 
Since  the  level  of  cystine  in  these  tissues  remains  almost  constant,  this  decrease 
in  activity  must  be  attributed  to  protein  turnover  and  label  dilution  by  the  dictaiy 
cystine.  The  differences  in  the  loss  of  activity  between  the  liver  tissue  of 
the  normal  and  wounded  rats  arc  statistlstically  significant.  It  would  then  follow 
that  wounding  has  the  effect  of  stimulating  sulfur  metabolism. 

Another  experiment  was  run  on  two  similar  groups  of  rats  i/diich  were  maintained 
on  the  basal  diet  over  the  Thole  experimental  period.  These  animals  were  given  5.90 
X 10^  counts  per  minute  of  DL-methionine-^^^,  intraperi  tone  ally.  The  other  details 
of  the  experimental  procedvu’e  Tvere  generally  the  same  as  in  the  previously  described 
experiment,  except  that  the  DL-methionine-S^^  was  given  four  days  after  wounding 
and  the  animals  were  sacrificed  on  the  5th,  9th  and  13th  days  after  the  Twound  was 
made.  The  results  of  the  analysis  of  the  tissues  vrore  found  to  be  very  similar  to 
triose  recorded  in  Table  I.  The  activity  of  the  various  tissues  was  also  determined 
after  fractionation  of  the  into  methionine  and  cystine  fractions.  The  ac- 
tivity of  both  fractions  frem  the  samples  of  skin  and  muscle  tissue  in  the  wounded 
and  normal  rats  showed  parallel  rates  of  decrease. 

In  Table  III  is  presented  the  data  on  the  activity  of  the  fractions  of 

from  liver  and  regenerating  wound  tissue.  It  is  to  be  expected  that  initially  the 

melhionine  activity  should  be  higher  than  that  associated  with  the  cystine  fraction 

in  all  the  tisssues,  since  methioninc-S^^  was  administered.  There  appears  to  be  a 

marked  and  relatively  rapid  loss  of  activity  in  the  methionine  fraction  of  the 

35 

On  the  other  hand,  the  cystino-S"^''^  activity  of  the  -wound  tissue 


wound  tissue 
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remained  almost  conatjint  throughout  the  experimental  period,  although  the  specific 
activity  was  decreasing.  This  nay  he  explained  by  the  fact  that  the  cystine-^^^ 
which  is  lost  from  the  wound  protein,  due  to  protein  tiimover,  is  being  approxi- 
mately replaced  by  labeled  cystine  formed  from  the  label  in  the  methionine  released 
tr/  ether  tissues.  This  acquisition  of  in  the  form  of  cystine  could  hardly  be 
expected  to  keep  up  with  the  deposition  of  non-labeled  (^stine  in  the  would  protein, 
resulting  in  a constantly  decreasing  spe  cific  activity. 

The  uptake  of  methionine-S^^  and  its  loss  by  the  livers  of  the  wounded  rats  in 
this  experiment  was  significantly  greater  than  that  which  was  taken  up  and  lost  by 
the  livers  of  the  nomal  animals.  This  further  supports  the  contention  that  there 
is  an  increased  rate  of  sulfur  metabolism  in  wounded  rats  as  compared  to  that  found 
in  the  normal  rats.  This  increased  sulfur  metabolism  in  the  wounded  animals  would 
probably  result  in  a greater  loss  and  a greater  redeposition  of  cystine-S^^  in  the 
liver  than  mi^t  be  expected  to  be  found  in  the  livers  of  normal  rats.  The  summa- 
tion of  these  effects  would  be  expected  to  give  the  appeeirance  of  a similar  rate 

"at 

of  loss  of  cystine-S'^-'^  activity  in  the  livers  of  both  groups  of  animals 

SUMMARY 

During  the  early  stage  of  wound  tissue  regeneration  in  rats,  the  methionine 
content  of  wound  proteins  is  greater  than  the  cystine  content.  Later  the  content 
of  cystine  becomes  very  much  higher  than  that  of  methionine.  This  has  been  talcn 
to  mean  that  two  different  types  of  proteins  are  synthesized  by  the  regenerating 
wound  tissue.  By  the  use  of  labeled  methionine  amd  cystine,  it  was  shown  that 
sulfur  metabolism  is  stimulated  during  wound  tissue  regeneration  and  that  the  liver 
methionine  supplies  a large  part  of  the  cystine  required  by  the  regenerating  wound 
tissue. 
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TABLE  I 


METHIONINE,  CYSTINE  AMD  NITIPGEN  C INTENT  OF 


TISSUES 

IN  WOUNDED  AI® 

NORMAL  RATS 

Days 

After 

Wounding 

Met 

Mg/g 

WOUNDED 

Cys 

mg/g 

N 

mg/g 

Met 

mg/g 

NORMAL 

Cys 

mg/g 

N 

mg/g 

Wound  Tissue 

7 

3. 8*0.5 

2.8*D.3 

I9.0S0.9 

11 

U.iio.3 

5.ii3.h 

23.1*1.3 

Hi 

5.5*D.3 

7.3^0,^ 

28.22L.l4 

Skin 

7 

14.3*0.2 

2.920.1 

141.7*1.9 

14.7*0.14 

3.023.3 

l4l.2*L.l 

11 

3. 9*0.2 

2. 7^.14 

la.3*1.2 

14.6*0.14 

2 ,,7*0.3 

ia.3*i.ii 

li4 

li.3^.2 

2.820.2 

ia.9*i.i 

l4.l4tD.l4 

2.923.3 

140.9*2.6 

- 

Muscle 

7 

6. 9”^. 5 

3.7^«2 

36.1*1.3 

7.3*3.7 

3. 9*0.3 

37^14*1.7 

11 

6.6*0.3 

3. 7*0..  3 

36.14^.0 

6.6±0.5 

3. 9*0.5 

35.7*1.14 

1)4 

6.3^. 5 

3.723.1 

3?.3^.5 

6.5*0.5 

3.8£b.l4 

37.6*1.2 

liver 

7 

6. 5-^.6 

14.8*0.3 

33.7*1.0 

6.5*0.14 

14.5*0.14 

33.6*0.8 

11 

5.1^53.14 

14.14*0.3 

32.8^1.0 

6.520.6 

14.7*0.2 

33.6*1.1 

II4 

li.6*0.2 

l4.^.3 

28.8*1.3 

6.1*o.5 

14.7*0.1^ 

32.7*1.6 

All  values 

are  in  terms  of  mg. 

per  gram  of  tret 

tissue. 

Each  value 

represents  replicate 

determinations 

from  the 

tissue  of 

10  animals. 

TABLE  II 


ACTIVITY  OF  TISSUES  IN  ^TQIMDED  AND 
NORMAL  RATS  AFTER  THE  ABIINISTRATION 
OF  CYSTINE-S3^ 

Pays 


After 

Wounding 

Wound 

Skin 

Muscle 

Liver 

^ii7^  ^ 125 

3715  * 135 

I5I1O  t 75 

7650  2 135 

11 

ii560  t 80 

2060  * 95 

1510  i 100 

I1695  ^ 130 

111 

1i350  ^ 80 

1775  t 85 

11j70  * 85 

3iili5  ^ 75 

7 

2970  *»  125 

1970  t 90 

7805  « 115 

11 

2585  100 

1715  fc  65 

5965  - 120 

111 

nho  t no 

I51i5  - 50 

1i315  - lliO 

Calculated  in  counts/mlnute/grara  of  vret  tissue  and  corrected  for  decay.* 
Each  value  represents  duplicate  determinations  of  the  tissue  of  10  rats. 
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TABLE  III 


DISTRIBUTION  AND  SPECIFIC  ACTIVTIY  OF  METHIONIKE-S^^ 
AND  CYSTINE~33^  IN  WOUNDED  AND  NORMAL  RATS 
AFTER  DL-4-{E1HI0NINE-S3^  ADMINISTRATION 


Days 

WOUND  TISSUE 

LIVER 

After 

-W 

Sp,  Act."" 

Activity* 

Sp,  Act.** 

Wounding 

Activity" 

35 

Me+hionine-S"^ 

5 

3630  i 110 

5.30 

5350  - 200 

3.15 

9 

2i{20  t 85 

2.82 

h3hO  i 175 

2.83 

13 

1375  t 60 

1.35 

3h70  t no 

2.62 

5 

• 

1^750  t 90 

2.82 

9 

k3$0  fc  90 

2,72 

13 

39hO  ^ 85 

2.57 

Cystine-*s35 

5 

2630  t 95 

h,lo 

5000  fc  210 

Ii,U6 

9 

2ii3o  t no 

2,hO 

3lUo  1 160 

2.76 

13 

21^80  t 75 

1.83 

2980  t 190 

2.61 

5 

5020  175 

U.IiO 

9 

3060  i 150 

2.85 

13 

3010  no 

2.814 

Calculated  in  counts/minute/gram  of  wet  tissue  and  corrected  for  decay. 

‘*Sp,  Act.  = Counts/Mlnute/Gram  Tissue  x 10**^ 

mg.  Cystine  or  Methionine  S/Gm  Tissue 


ris.  I 


*tg,  1..  Th«  concentration  of  cystine  cystdlne, 

and  raetnionine  in  regenerating  wound  tissue  plotted 
acelnst  tl»e  after  wounding^  Methionine  er,d  cystine  + 
cysteine  are  plotted  on  the  bee’s  of  zng.  per  gram  of  wet 
tissue,  nitrogen  salues  are  in  terms  of  mg.  x 10*^  per 
gran  of  wet  tissue.  Solid  circles  » cystine  cyetelne; 
open  clrclne  ♦ mothlonlne;  half-solld  clrclee  « nitrogen. 


EXCRETION  OF  SULFUR  DURING  THE  HEALING 


OF  EXPERIMENTAL  WO'JNDS* 

Martin  B.  Will:^.\son  and  Herbert  J.  Fronni"*** 

Department  of  Biochemistry,  School  of  Medi-cine  and 
Graduate  School,  Loyola  University,  Chicago 

The  sulfvir  amino  acids,  methionine  and  cystine,  appear  to  be  unique  in  their 
ability  to  accelerate  the  rate  of  healing  of  experimental  wounds  to  the  same  ex- 
tent, when  preseiit  in  the  diet  in  equivalent  amounts  (l,2,3)«  Earlier  experi- 
ments have  sho?m  that  the  healJjig  of  wounds  is  dependant  on  the  availabilily  of 
the  sulfur  amino  acids,  rather  than  on  the  total  protein  nitrogen  available  in 
the  diet  a, 5).  Since  there  is  essentially  no  conversion  of  cystine  to  methio- 
nine in  the  organism,  it  may  be  considered  that  cystine  is  the  limiting  aimlno 
acid  in  the  healing  process.  The  role  of  methionine  in  the  healing  of  wounds 
oannot  be  discovinted,  however.  The  methionine  of  the  tissues  has  been  shewn  to 
have  at  least  tvro  important  functions  in  the  regeneration  of  tissue  in  womds 
(6)}  it  is  the  primary  source  of  cystine  required  for  the  synthesis  of  wound  pro- 
teins j it  is  required  per  se  as  an  integral  ir.  rt  of  the  wound  protein. 

Since  the  availability  of  the  sulfur  amino  acids  has  such  a marked  effect  on 
the  replacement  of  protein  in  regenerating  vround  tissue,  it  night  be  expected 
that  the  nomal  equilibria  of  the  reactions  involving  these  amino  acids  would  be 
distiffbed  after  wounding.  ThJLs  situation  should  be  reflected  in  an  altered  me- 
tabolism of  sulfur  during  wound  tissue  regeneration.  In  this  paper,  the  results 
of  a comparison  of  the  sulfur  metabolism,  ej  indicated  by  sulfur  excretion,  in 
nomal  and  wDunded  rats  will  be  described. 

•tlThis  work  was  done  under  contract  •vith  the  U.S,  Navy,  Office  of  Naval  Resoaroh. 

■»H<Prescnt  address.  Dept,  of  Biochoi.iistry,  School  of  Medicine,  University  of 
North  Dakota,  Grand  Forks. 
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EXPERIMENTAL.  In  the  foUcnYing  experiments,  female  albino  rats  weighing 
200  i 20  g were  used.  The  animals  were  maintained  on  a basal  protein-free  diet 
for  5 days  prior  to  wounding  The  basal  diet  consisted  of  83  g sucrose,  10  g 
lard,  2 g com  oil,  and  5 g salt  mixtore  (7)»  The  basal  diet  alar  contained  a 
vitamin  supplement,  vdiose  constituents  and  proportions  have  been  previously  enum- 
erated (2).  The  animals  vrore  offered  6 g of  diet  per  day,  TOiich  v/as  completely 
consumed  before  the  next  daily  feeding  period,  so  that  the  dietar;,'-  intake  of  all 
the  animals  was  isocaloric.  Distilled  vrater  was  permitted  ^ libittm. 

After  5 days,  the  hair  on  the  back  of  the  neck  and  shoulders  was  remor  ed  and 
an  area  of  skin  cm  in  diameter,  was  incised  down  to  Uie  fascia.  The  tissue  was 
then  removed  with  the  underlying  fascia.  Control  rats  -were  treated  in  a similar 
manner  except  that  no  wounds  were  made.  The  rats  were  housed  in  metabolism  cages 
and  mrine  sauries  collected  every  2k  hours  after  wounding.  The  samples  of  urine 
were  stored  under  toluene  in  a tightly  stoppered  bottle  at  5°  C.  until  the  anal- 
yses could  be  performed.  The  urine  samples  were  analyzed  for  nitrogen  (microk- 
jeldahl)  and  total  sulfur  (8,9).  After  hydrolysis  of  an  aliquot  of  the  urine  for  . 
3C  Eiiivatfco  in  6 K HGI  on  a boiling  v/ator  bath,  the  total  sulfate  was  determined 
as  the  barium  salt  (6). 

3d 

In  the  experiment  in  which  tracer  doses  of  S labeled  DL-methionine  and 
DL-cystine  vrare  administered  to  the  rats,  the  total  5^^  activity  of  the  urine,  as 

Trell  as  the  total  sulfate  activity,  isolated  as  indicated  above,  was  determined. 

•ir 

Tcie  S'  activity  was  measured  using  a Tracerlab  Autoscalar  and  a Geiger-Muller 
tube  having  a v/indow  thickness  of  l.ii  mg  per  cm^. 

RESUI.TS  iVND  DISCUSSION.  Studies  on  tJie  excretion  of  nitrogen  and  sulfur 
were  made  in  t\TO  groups  of  30  rats  kept  on  a basal  protein-free  diet.  The  ani- 
mals in  one  group  were  wounded,  while  the  second  group  of  animals  served  as  con- 
trols. TTie  excretion  of  nitrogen  ciuring  the  first  two  weeks  after  wounding  is 
shown  in  Fig.  1,  In  accordance  with  the  results  of  previously  published  experi- 
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ments  (5*10,11),  the  wounded  rats  were  fovind  to  excrete  considerably  more  nitjro- 
gen  than  the  control  rats.  In  Fig.  2 is  plotted  the  total  sulfvir  excretion  a- 
gainst  time  after  wounding.  It  can  be  seen  that  the  wounded  and  control  rats  ex- 
creted approximately  the  same  amount  of  sulfur.  The  data  in  these  two  graphs  are 
indicative  of  the  fact  that  there  is  an  actual  retention  of  sulfur  by  the  wounded 
rats.  It  would  be  expected  that  the  breakdown  and  metabolism  of  tissue  protein 
should  result  in  a relatively  constant  ratio  of  nitrogen  and  sulfur  excretion, 
regardless  of  the  amount  of  nitrogen  excreted.  However,  in  this  experiment,  the 
ratio  of  nitrogen  to  sulfur  excreted  by  the  wounded  rats  is  greater  than  by  the 
controls,  indicating  a relative  net  retention  of  sulfur  by  the  wounded  animals. 

I'lg.  3 shows  the  excretion  of  s\ilfate  by  the  wounded  and  normal  rats.  The 
wounded  rats  appear  to  excrete  about  more  s\ilfate  than  do  the  normal  control 
animals.  Since  sulfate  is  the  end  pix>duct  of  sulfur  metabolism,  this  may  be  taker 
to  mean  that  the  metabolism  of  the  sulfur  amino  acids  is  increased  in  wounded 
rats  as  centred  to  normal  ones. 

The  overall  metabolic  path  of  the  sulfur  in  the  sulfuur-containing  amino  acids 
can  be  abbreviated  into  the  following  reactions i- 

Methionine  ^ Cystine  ^ Sulfate  (1) 

The  importance  of  cystine  during  the  regeneration  of  wound  tissue  led  us  to 
study  the  conversions  in  the  above  equation.  This  was  done  by  following  the 
excretion  of  S*^^  after  the  administration  of  S-^^  labeled  methionine  and  cystine. 

The  experiment  was  carried  out  on  U groups  of  15  rats,  maintained  on  the 
basal  diet.  Two  groups  of  rats  were  vrounded  as  indicated  before*  Four  days 
after  wounding,  one  group  of  wounded  and  one  group  of  unwounded  control  rats 
were  injected  intraperitone£illy  with  DL-^nethionine-S^^  (5*90  x 10^  counts  per 
minute  per  rat).  The  other  two  groups  received  DJ^-cystine-S"^^  (6.0£>  x 10"  counts 
per  minute  per  rat)  at  the  same  time.  The  total  S35  activity  in  the  urine  and 
the  S^^  activity  associated  with  the  sulfate  in  the  urine  was  determined  daily 
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As  might  be  expected  from  the  results  In  the  pMvious  experiment,  the  total 
daily  excretion  of  was  essentially  the  same  for  the  wounded  and  control  ani- 
mals. However,  the  level  of  S35 

excretion  was  higher  in  those  rats  receiving  the 

labeled  cystine  as  compared  to  those  rocciving  the  labeled  methionine.  This  is 

probably  due  to  the  fact  that  tJie  methionine-S-'''  can  be  utilized  either  ag:  such 
I*? 

or  as  cystine-S'^'^  for  protein  synthesis  and  turnover;  on  the  other  hand,  cystine- 

35 

S is  utilizable  for  incorporation  into  protein  only  in  the  unmetabolized  state. 
Thus,  there  are  tvfo  forms  in  v^ich  the  from  the  methionine-S^^  can  be  deposi- 

't'f 

ted  and  retained  in  the  tissues,  ^vhile  that  ft-om  the  cystine-S-'-'’  has  only  one. 
This  Trould  be  expected  to  resiolt  in  a greater  retention  of  injected  methionine- 

“it 

than  oystino-S"^-'^,  and  a conconmitant  greater  excretion  of  injected  cystine- 
s'^ than  raethionine-3^^. 

The  data  for  the  excretion  of  sulfate-S^^  in  this  ejiperiraent  is  shown  in 
Table  I.  It  can  be  seen  that  the  wounded  rats  Tihich  received  the  methionine- 
s33’  excreted  more  sulfate-s35  than  did  the  controls.  This  must  n»ean  that  either 
or  both  of  the  series  of  reactions  represented  in  equation  (l)  are  accelerated 
in  the  wounded  rats.  Data  presented  in  another  report  (12)  indicates  that  the 
rate  of  conversion  of  methionine  to  cystine  is  greater  in  wounded  than  in  normal 
rats.  In  the  animals  receiving  the  cystine-S^^,  it  was  again  observed  that  the 
wounded  ones  excreted  more  sulfate-s35  than  did  the  controls.  This  can  only  be 
interpreted  to  mean  that  there  is  a higher  rate  of  oxidation  of  cystine  In  the 
wounded  rats  during  the  regeneration  of  woiuid  tissue.  It  nay  then  bo  concluded 
that  during  the  process  of  regeneration  of  wound  tissue,  the  metabolism  of  the 
STxlfiu?  amino  acids  is  stimulated. 

SUMMARY.  The  effect  of  wounding  on  the  metabolism  of  the  sulfur  amino 
acids  •'vas  studied  by  following  the  excretion  of  sulfur  in  normal  and  vfounded 
rats.  After  wounding,  there  is  a relative  retention  of  sulfur,  even  though  a 
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gfreater  amount  of  nitrogen  than  normal  is  excreted.  Studies  Tuith  labeled 
cystine  and  methionine  indicated  that  the  metabolism  of  these  amino  acids  is 
greater  in  wounded  than  in  normal  animals. 
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TABLE  I 


EXCRETION  OF  LABEIED  SULFATE  BY  ^ffOUIIDED  AND 
NORIIAL  RATS  AFTER  THE  AK-IINISTRAnON  OF 
DL-}ffiTHIONIIJE-s’^  A^^D  DL-CYSTINE~s’" 


Days  METHIONINE*  CYSTINE^ 

After 

Wotmdlng  Normal  Wo’uided  Normal  Wounded 


5 

h6Q0 

hBUo 

5300 

5300 

6 

29h0 

hh90 

5110 

5600 

7 

2710 

hlOO 

h600 

7l;50 

8 

2290 

2500 

3900 

h5oo 

9 

1950 

2750 

2530 

li55o 

10 

1880 

2670 

2760 

1^550 

11 

1785 

2230 

2630 

1<U30 

Counts  per  minute  per  2li  hour  sample,  corrected  for  decay  to  the  time  of  injec- 

■ae  35 

tion  and  for  difference  jn  dose  of  the  inethionine-S^^  and  cystine-S  * The 
labeled  amino  acids  were  injected  on  the  l^th  day  after  wounding* 


Fig*  2.  Th*  excretion  of  oulfur  by  nomal  and  voun^ad 
plottod  In  9ig.  par  d*y  against  daya  after 
«D\indlRg.  Solid  llna  • control  rats;  Brokati  line  » 
wounded  rata. 
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Fig*  3*  F*t#  •jrcrstfon  of  aulfat*  sulfur  by  waujndad  imd 
nora*l  rats  plotted  in  lag,  per  day  against  daya 
after  woundliag.  Solid  line  * control  rate;  Broken  line  * 
mounded  rata. 


/ 


•V  • L 


I 


Because  of  our  limited  supply,  you  are  requested  to  retur.i  this  copy  WHEN  IT  HAS  SERVED 
YOUR  PURPOSE  so  that  it  may  be  made  available  to  other  requesters.  Your  cooperation 
will  be  appreciated. 


amjii.  ju., 
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NOTICE:  WEEN  GOVERNMENT  OR  OTHER  DRAW1N06,  SPECIFICATIONS  OR  OTHER  DATA 
Aiart^ED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S>  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSmiLITY,  NOR  ANY  OBUGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
government  may  HAVE  FORMULATED,  FURNBHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPUCATION  OR  OTHERWISE  AS  IN  ANY  AUNNER  UCENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  C^PCRATION,  OR  CONVEYING  ANY  RIGSTS  OR  PERMISSICN  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THATT«AY  IN  ANY  WAY  BE  RELATED  THERETO. 


